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This dissertation reports the N-heterocyclic carbene (NHC) coordination chemistry of 
three group 10/11 transition metals (Pd, Au and Cu), and the findings are discussed in three 
chapters.  
Chapter 2 focuses on the palladium chemistry of a triazole-derived Janus-type 
dicarbene, 1,2,4-triazolidin-3,5-diylidene (ditz). Complexation of the salt ditz·(HBF4)2 (c) by 
a mild Ag-carbene transfer method yielded the dipalladium tetra-carbene complex 
[PdBr2(iPr2-bimy)]2(μ-ditz) (2, iPr2-bimy = 1,3-diisospropylbenzimidazolin-2-ylidene). Two 
carboxylato complexes [PdX2(iPr2-bimy)]2(μ-ditz) (3: X = CH3COO; 4: X = CF3COO) were 
accessed by ligand substitutions of 2. NMR and X-ray diffraction studies revealed that all-
trans-isomers are the predominant products in all three cases of 2‒4. A catalytic study in 
Mizoroki-Heck reactions revealed that complex 3 bearing acetato co-ligands showed the best 
performance. Additionally, the di-Pd(II) ditz complex all-trans-[PdBr2(CH3CN)]2(μ-ditz) (6) 
was synthesized via in situ deprotonation of salt c with Pd(OAc)2 in the presence of KBr. 
Ligand replacements of all-trans-6 with monodentate or chelating phosphines afforded 
complexes all-cis-[PdBr2(PPh3)]2(μ-ditz) (7) and [PdBr(DPPP)]2(μ-ditz)Br2 (8), respectively. 
Bromido substitution of all-cis-7 gave tetra-acetato complex all-cis-
[Pd(CH3COO)2(PPh3)]2(μ-ditz) (9) with retention of the configuration as the predominant 
product. The catalytic activities of all complexes 6‒9 in the direct C5-arylation of imidazoles 
have also been investigated. All dinuclear complexes (6‒9) showed superior performance 
compared to the mononuclear equivalents (11–14), indicating some synergistic effect of the 
two Pd catalytic centers through the ditz bridges. 
Chapter 3 deals with gold mono-, homo- and hetero-(NHC) complexes bearing the 
iPr2-bimy ligand. In Chapter 3.1, a complete series of ten Au(I) and Au(III) NHC complexes 
Summary   
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of the general formulae [AuIX(iPr2-bimy)] (15–17, X = Cl, Br, I), [AuI(iPr2-bimy)2]BF4 (18), 
[AuIIIX3(iPr2-bimy)] (19–21, X = Cl, Br, I) and trans-[AuIIIX2(iPr2-bimy)]BF4 (22–24, X = Cl, 
Br, I) bearing the fixed iPr2-bimy ligand and all three common halido ligands have been 
synthesized. Detailed trends in their NMR and UV–Vis spectroscopic properties have been 
studied, and their electrochemical behavior have been probed by cyclic voltammetry. In 
Chapter 3.2, a range of new Au(I) hetero-bis(NHC) complexes [Au(iPr2-bimy)(NHC)]X (X = 
BF4 or PF6, 27–31) and one hetero-tetra(NHC) complex [Au2(iPr2-bimy)2(-ditz)](BF4)2 (32) 
have been synthesized using the Au(I) acetato complex [Au(O2CCH3)(iPr2-bimy)] (25) as a 
basic metal precursor. For all Au(I) hetero-(NHC) complexes (26–33), the carbene signals of 
the constant iPr2-bimy ligand are found to be highly correlated with those in Pd(II) analogues 
of the type trans-[PdBr2(iPr2-bimy)(NHC)], which could be applied to detect the -donating 
ability of the trans-standing NHC. 
The syntheses, reactivity, and catalytic study of copper heteroleptic bis(NHC) and 
mixed NHC/phosphine complexes are presented in Chapter 4.  A series of 2-coordinated 
heteroleptic Cu(I) complexes of the general formula [Cu(IPr)(L)]PF6 (38–41, L = NHC or 
phosphine) have been synthesized via either (i) chlorido substitution by phosphine or in situ 
generated free NHC or (ii) the Ag–NHC transfer protocol using [CuCl(IPr)] (K) as a 
precursor (IPr = 1,3-bis(2,6-diisopropylphenyl)imidazolin-2-ylidene). The reactions of K with 
diphosphine ligands afforded 3-coordinated Cu(I) complexes of the type [Cu(IPr)(L2)]PF6 (42 
and 43, L2 = diphosphine). All newly synthesized Cu(I) complexes have been subjected to a 
catalytic one-pot sequential CuAAC study, in which aromatic amines serve as the precursors 
to aryl azides. Hetero-bis(NHC) complexes 38–40 proved to be generally superior compared 
to their mixed NHC/phosphine counterparts 41–43. Overall, complex [Cu(Bn2-imy)(IPr)]PF6 
(38), bearing the Bn2-imy (Bn2-imy = 1,3-dibenzylimidazolin-2-ylidene) co-ligand, proved to 




The new compounds synthesized in this work are depicted in Chart 1.
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30: X = BF4
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Chapter 1. Introduction 
1.1. Definition of carbenes 
According to International Union of Pure and Applied Chemistry (IUPAC), carbenes are 
defined as “the electrically neutral species H2C: and its derivatives”.1 A carbene features a 
divalent carbon atom which bears two non-bonding valence electrons. 
The carbene center can adopt an either linear or bent geometry, which is determined by 
the hybridization at the Ccarbene atom.2 In the linear case, the Ccarbene atom is sp-hybridized with 
two non-bonding degenerate p orbitals (px and py, Fig. 1.1). Upon transition to the bent 
geometry, one of two p orbitals remains essentially unaltered (normally named p while the 
other participates in the hybridization and gives rise to an energetically lower-lying sp2-hybrid 
orbital (normally named ). 
 
Figure 1.1. Relationship between the nature of the frontier orbitals, Ccarbene geometry and 
hybridization types. 
 
The known carbenes predominantly adopt a bent geometry. In this category, there are 
four possible electronic configurations (Fig. 1.2, I‒IV). If the two non-bonding valence 
electrons of a carbene occupy both  and p orbitals with a parallel spin orientation, a triplet 





conceivable if the two non-bonding electrons pair up and occupy the energetically more stable 
orbital. In addition to these two common electronic configurations (I/II), another two 
singlet states (III/IV), although of little importance to the species in this dissertation, are also 
shown in Fig. 1.2. Configuration III, as an excited singlet state, contains and p orbitals 
singly occupied by the two electrons with an anti-parallel spin orientation. Lastly, the 
situation where the two paired electrons fill into the porbital results in another singlet state 
IV. 
Figure 1.2. Four electronic configurations of carbenes adopting a bent geometry. 
 
The ground-state multiplicity largely affects the reactivity behavior of a carbene. A 
ground-state triplet carbene (I) bears two unpaired electrons, and its reactivity pattern is 
similar to that of diradical species. On the other hand, a ground-state singlet carbene (II) 
possesses fully occupied orbital and empty porbital, which renders II exhibit ambiphilic 
reactivity. 
The ground-state multiplicity of a carbene is dependent on the relative energy of and 
porbitals. Quantum calculations by Hoffmann et al.3 have shown that a singlet carbene can 
be stabilized by an energy gap of >2 eV between and porbitals, while a triplet carbene is 
favored if the energy difference is less than 1.5 eV. The steric and electronic effects of Ccarbene 
substituents can significantly influence the relative energy of and porbitals and thus 
determine the ground-state multiplicity of a carbene. 
                                                                                                                 Introduction‒Chapter 1 
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The relationship between the inductive effect of the carbene substituents and the ground-
state multiplicity is illustrated in Fig. 1.3. Generally, electron-withdrawing groups (EWGs) 
attached to the Ccarbene atom can inductively stabilize the orbital with p orbital remaining 
largely unchanged in terms of energy. Hence, the energy gap of and porbitals is increased, 
and thus the singlet state is favorable. 
 
Figure 1.3. Relationship between the inductive effect of Ccarbene substituents and the ground-
state multiplicity (EWG = electron-withdrawing group; EDG = electron-donating group). 
 
In addition to the inductive effect, the mesomeric effect also plays a crucial role. For 
instance, -donor (e.g. –F/Cl/Br/I, –NR2, –OR, –SR) substituted carbenes are normally found 
to be in the singlet state. This is mainly attributed to the interaction between the substituent 
lone pairs and the empty p orbital of the carbene center, which raises the energy level of 
porbital but marginally affect the  orbital. As a consequence, the ‒p energy gap is 
enhanced and the singlet state is stabilized. The carbenes involved in this dissertation 
exclusively belong to this category. 
 
1.2. Structrual features, types, electronic and steric properties of NHCs 
1.2.1. Structural features of NHCs. 
Among the members of the carbene family, N-heterocyclic carbenes (NHCs) 





attention since Arduengo’s isolation of the first stable NHC.4 The stability of a NHC is mainly 
attributed to the electronic effects brought by the neighboring amino substituents of the 
carbene center. The negative inductive effect (–I) of N atoms leads to a withdrawal (“pull”) of 
the electrons from the Ccarbene atom. In addition, the lone pairs of N atoms can also donate 
(“push”) electrons to the empty porbital of the Ccarbene atom due to the positive mesomeric 
effect (+M). As elaborated in Chapter 1.1, the –I and the +M effect (so-called “pull-push” 
effect) both result in an increase of the ‒p energy difference. Therefore, the singlet state of 
a NHC is stabilized. The electronic interactions and the resonance structures of imidazole-
based NHCs are illustrated as a representative in Fig. 1.4. 
 
Figure 1.4. Electronic interactions and resonance structures of imidazole-based NHCs. 
 
1.2.2. Types of mono-NHCs. 
Up to date, a plethora of NHCs with different backbones and topologies have been 
disclosed. The structures and nomenclatures for a selection of monodentate NHCs are shown 
in Fig. 1.5. Among these, NHCs i‒iv, i.e. imidazolin-2-ylidene, benzimidazolin-2-ylidene, 
imidazolidin-2-ylidene and 1,2,4-triazolin-5-ylidene, are the four most extensively studied 
types. The common structural characteristic of these four mono-NHCs is the carbene center 
flanked by two nitrogen atoms. Additionally, NHCs bearing the Ccarbene atom adjacent to only 
one heteroatom (v, vi) and two different heteroatoms (vii, viii) are also known but their 
chemistry is less developed. This dissertation will cover all the mono-NHCs described here 
except vii. 




Figure 1.5. Selected examples of monodentate NHCs. 
 
For all NHCs shown above, a neutral canonical resonance form can be drawn (see the 
resonance structures of NHC i as an example in Fig. 1.4). They are named as “normal 
carbenes” in contrast to the newly developed “mesoionic carbenes”, which require additional 
charges in all their resonance structures. Three classes of mesoionic carbenes (ix‒xi) are 
shown in Fig. 1.6 and the resonance forms of 1,2,3-triazole-derived carbene ix are illustrated 
in Fig. 1.7 as a representative. 
 







Figure 1.7. Resonance forms of 1,2,3-triazolin-5-ylidenes. 
 
1.2.3. Types of di-NHCs. 
In addition to various types of mono-NHCs, di-NHCs incorporating two linked carbene 
donors have been investigated in great detail as well. The structures for a selection of di-
NHCs are shown in Fig. 1.8. A flexible chain (xii)5 and a rigid aromatic ring (xiii)6  are the 
two most widely used linkers to join the two carbene moieties in a di-NHC. Much less 
commonly, a fused aromatic ring is employed which potentially enables the mutual electronic 
communication between the two carbene donors. 7  In this regard, Bielawski et al. have 
reported three Janus-type di-NHCs (xiv‒xvi) all featuring two facially opposite Ccarbene 
atoms.8 Recently, Peris’s group introduced a pyracene-linked Janus-type di-NHC (xvii).9 One 
common feature of all Janus-type di-NHCs xiv‒xvii is the two imidazole-based carbene 
donors connected by a conjugated ring. In contrast to this topology, triazolidin-diylidene 
(xviii), 10  as a unique Janus-type di-NHC, invokes two carbene moieties within a single 
triazole ring. This di-NHC was first reported by the group of Bertrand11 in 1997 and then 
employed by Peris and co-workers in catalysis (see Chapter 1.3.2. for more details).12 The 
dipalladium chemistry12e-g of the dicarbene xviii remains largely undeveloped, which is of 
great interest to us and new results will be presented in Chapter 2. 




Figure 1.8. Selected examples of di-NHCs. 
 
1.2.4. Electronic and steric properties of NHCs. 
The reactivities and catalytic properties of transitional metal‒NHCs greatly depend on 
the electronic and steric characteristics of NHC ligands. A couple of methods to evaluate the 
donating abilities13 and steric bulk14 of NHCs have been established, and the major ones are 
reviewed in the following paragraphs. 
 
1) Electronic properties of NHCs. 
One metric to probe NHC donor strengths is the “Tolman electronic parameter” (TEP) 
named after Chadwick A. Tolman.15 This method is based on the measurement of the CO 
stretching frequency in a Ni(0) system [Ni(CO)3(NHC)] by infrared spectroscopy. The 
capability of CO to serve as a probe utilizes the fact that the NHC ligand in study imparts 
electron density to the nickel center and also indirectly to the * orbital of CO ligand. In 
addition to the Ni system, another two metal systems cis-[IrCl(CO)2(NHC)] 16 a and cis-
[RhCl(CO)2(NHC)]16b have also been developed. The correlation of CO stretching 





Nevertheless, it should be noted that all IR-based methods reviewed above suffer from a 
number of limitations. For instance, highly toxic CO gas is used for the preparation of the 
respective metal carbonyl complexes.  In the case of Ni system, the extremely harmful 
precursor [Ni(CO)4] is required. Another main drawback of IR-based methods arises from the 
relatively low sensitivity of IR probe. For example, an earlier study from Nolan et al.16b 
revealed marginal difference of CO stretching frequencies for a series of imidazole-based 
NHCs with different N-substituents. 
To overcome these problems, Huynh et al. introduced a 13C NMR-based method 
employing Pd(II) hetero-bis(NHC) complexes of the type trans-[PdBr2(iPr2-bimy)(NHC)] 
(Fig. 1.9, iPr2-bimy = 1,3-diisopropylbenzimidazolin-2-ylidene).17 In this system, a constant 
benzimidazole-derived carbene iPr2-bimy serves as a highly sensitive spectroscopic probe. It 
was observed that a trans-standing NHC with stronger donor strength leads to a more 
downfield shift of the probe carbene signal. Based on this dependency, the donating abilities 
of totally 17 NHCs including normal and mesoionic carbenes have been examined.17  
In contrast to the IR-based method (vide supra), this 13C NMR-based method i) 
circumvents the use of any highly toxic reagents; and ii) allows the differentiation of NHC 
donor strengths in a finer level. Donating abilities for a selection of NHCs with various 
backbones and substituents on the 13C NMR scale are shown in Fig. 1.9. Lastly, it should be 
noted that this 13C NMR-based method is not limited to the donor strength determination of 
NHCs. Various Werner-type (e.g. pyridines and other heterocycles) and organometallic 
ligands (e.g. phosphines) can be placed on a unified 13C NMR scale. An extension of this 
methodology to Au(I) system is one of the focuses in this dissertation and will be presented in 
Chapter 3.2. 




Figure 1.9.  Donating abilities for a selection of NHCs on the 13C NMR scale. 
 
2) Steric properties of NHCs. 
The most widely accepted parameter so far to evaluate the steric demand of NHCs is the 
“percent buried volume’’ (%Vbur), which was proposed by Nolan and Cavallo. 18  This 
parameter is based on the measurement of the space occupied by a NHC ligand in the 
coordination sphere of the metal center (Fig. 1.10). The bulkier a NHC ligand is, the larger is 
its %Vbur value. 
The structure of NHC in study can be either directly obtained from the crystallographic 
data of the corresponding metal complexes or optimized by DFT calculations. A putative 
metal center is then positioned 1) in the line passing through the Ccarbene atom and the mass 
center of the two adjacent atoms; and 2) away from the Ccarbene atom with a fixed distance (d, 
usually 2.00 Å). The radius (r) of the coordination sphere is normally defined as 3.5 Å.  
Cavallo et al. have developed a free web application for the calculation of the %Vbur 
value of NHC ligands.18b It should be noted, that to make the %Vbur values of different NHCs 





parameters (d, r, etc.) set in the web application should be the same. Finally, the measurement 
of %Vbur is not unique to NHC ligands, but can be extended to other organometallic ligands 
such as tertiary phosphines and Cp-based ligands. 
 
Figure 1.10. Graphical representation of %VBur. SIMes (SIMes = 1,3-bis(2,4,6-
trimethyl-phenyl)-imidazolidin-2-ylidene) is shown as an representative NHC ligand. 
 
1.3. Syntheses and applications of transition metal NHC complexes 
1.3.1. Syntheses of transition metal NHC complexes. 
The syntheses of transition metal NHC complexes can be dated back to the year 1968 
when Wanzlick contributed the first example (Scheme 1.1). 19  Nowadays, the number of 
known NHC complexes has been quite considerable, and a range of preparative protocols to 
access NHC complexes have been established.2a, 20  It should be noted, that isolated free 
carbenes are less frequently exploited as the precursors due to their generally air- and 
moisture-sensitive nature. Two more “user-friendly” routes, both of which employ azolium 
salts as carbene precursors, are 1) the reaction of an azolium salt with a suitable metal source 
and 2) Ag-carbene transfer. They are illustrated in Scheme 1.2 and are detailed as follows. 




Scheme 1.1. Wanzlick’s synthesis of the first transition metal NHC complex. 
 
1) The reaction of an azolium salt with a suitable metal source (Route 1); 
This method typically involves the deprotonation of an azolium salt, followed by the 
complexation of the in situ generated NHC with a suitable metal source. Wanzlick’s synthesis 
of the first transition metal NHC complex (Scheme 1.1) employed this method. The 
deprotonation can be achieved with an external base such as K2CO3, NaOAc, NEt3 or a basic 
metal precursor such as Pd(OAc)2 and [Rh(cod)(-OR)]2 (cod = cyclooctadiene). 
2) Ag-carbene transfer (Route 2); 
This method was first reported by Lin and co-workers.21 Typically, in the first step, a 
basic silver source such as Ag2O, AgOAc, and Ag2CO3 reacts with the azolium salt leading to 
the formation of Ag‒NHC complexes. Due to the labile nature of Ag‒Ccarbene bond, the 
Ag‒NHC complexes can serve as transmetalation agent, and the carbene ligand can migrate to 
a broad range of other metals including, but not limited to Pd, Pt, Au, Ru, Ir, and Rh. The 
precipitation of insoluble silver halide generated during carbene transfer provides additional 






Scheme 1.2. Two main synthetic routes towards transition metal NHC complexes. 
 
1.3.2. Applications of transition metal NHC complexes. 
NHC complexes of transition metals have found widespread applications especially in 
homogenous catalysis.20b,c,22 Compared to the standard tertiary phosphines, NHCs are stronger 
-donors and usually impart enhanced stability to transition metals. Many NHC complexes 
prove to be superior catalysts in contrast to their phosphine analogues. This can be best 
exemplified by the Grubbs 2nd generation catalyst (Fig. 1.11) featuring a NHC ligand, which 
generally gives better yields in olefin metathesis in comparison to the 1st generation catalyst 
bearing phosphine ligands. 
 
Figure 1.11. The 1st and 2nd generations of Grubbs catalyst. 
 
NHC-containing transition metal complexes exhibit remarkable catalytic activities 
towards various organic transformations, such as Pd-mediated cross-coupling22a (Suzuki-
Miyaura, Mizoroki-Heck reactions, etc.), Gold-mediated alkyne hydration,22b Cu-mediated 
alkyne-azide Huisgen cycloaddition.22c 
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In addition to the modification of electronic and steric natures of NHCs, efforts have also 
been given to the design of NHCs with new topologies aiming to improve the catalytic 
performance of the resulting complexes. One approach receiving increasing attention is the 
use of poly-NHCs anchoring multiple catalytically active metal centers. 23  It is generally 
accepted that the metal centers in spatial proximity can “work” synergistically and a better 
catalytic reactivity can be attained. This could be rationalized by the higher local 
concentration of catalytically active sites in a multi-nuclear system, in comparison to that of 
mono-nuclear equivalents. In this regard, Janus-type di-NHCs (xiv‒xviii, Chapter 1.2.3) are 
good candidates because i) the rigidity of the backbones ensure the bridging coordination 
mode instead of chelation to only one metal center; and ii) the two bound metal centers are 
connected with a fixed and close metal-metal separation. Triazolidin-diylidene (xviii, Fig. 
1.12), abbreviated as ditz, is the smallest Janus-type dicarbene known so far, and the inter-
metal distance of its complexes is found to be only ca. 6 Å. A couple of homo- and hetero-
bimetallic complexes bearing this di-NHC have been reported by Peris’s group, the latter of 
which have been applied in tandem catalysis.12 The catalytic properties of dipalladium 
complexes of xviii will be detailed in Chapter 2. 
 
Figure 1.12. Janus-type dicarbene ditz and its homo- and hetero-bimetallic complexes. 
 
1.4. Hetero-bis(NHC) complexes of gold and copper 
The interest in NHC complexes of coingage metals (Cu, Ag, Au) has surged due to their 





and biological science.24 Ag‒NHCs mainly serve as transmetalation agents (see Chapter 1.3.1. 
for details) and they are also not the focus of this dissertation. 
 
1.4.1 . Hetero-bis(NHC) complexes of gold. 
A wide range of Au(I)–NHCs, and to a less extent, Au(III)–NHCs have been hitherto 
reported. In this regard, earlier investigations have overwhelmingly centered on the mono-
NHC and homo-bis(NHC) complexes. In contrast and surprisingly, Au(I) hetero-bis(NHC) 
complexes of the general formula [Au(NHC)(NHC’)]Y (Y = non-coordinating anion), which 
contain two different NHCs were given much less attention.25 In 1996, Raubenheimer et al. 
reported the first Au(I) hetero-bis(NHC) complex, which was obtained by successively 
alkylating and protonating 1-methylimidazolyl-aurate complex (Scheme 1.3).25a 
 
 
Scheme 1.3. Raubenheimer’s synthesis of the first gold hetero-bis(NHC) complex. 
 
In 1999, Lin et al. reported an unscuucessful attempt to prepare a gold heteroleptic 
complex bearing two different benzimidazolin-2-ylidene ligands (Scheme 1.4).26 It should be 
noted that homo-bis(NHC) Au(I) complexes of the general formula [Au(NHC)2]Y (Y = non-
coordinating anion) can be obtained by reacting a mono-NHC precursor [AuX(NHC)] (X = 
halido ligand) with the respective azolium salts and a base. However, in Lin’s attempt, an 
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inseparable mixture of the desired hetero-bis(NHC) complexes and two homo-bis(NHC) 
complexes was obtained. 
 
Scheme 1.4. Lin’s attempts to prepare gold hetero-bis(NHC) compelxes. 
 
 
Scheme 1.5. Nolan’s syntheses of gold hetero-bis(NHC) compelxes. 
 
 
Only in 2010, Nolan’s group reported a series of gold heteroleptic complexes with the 
cations [Au(IPr)(NHC)]+ (IPr = 1,3-bis(2,6-diisopropylphenyl)-imidazolin-2-ylidene), 
through direct deprotonation of the corrosponding azolium salts with [Au(OH)(IPr)] serving 






1.4.2 . Hetero-bis(NHC) complexes of copper. 
In contrast to Au‒NHCs, the NHC chemistry of the congener copper is generally less 
straightforward. Previous computational study has shown that the dissociation energy of 
Group 11 metal–NHC bonds follows the trend Au > Cu > Ag,27 which shed lights on the 
general decreased stability of Cu‒NHCs vs. Au‒NHCs. 
As in the case of Au‒NHCs, the chemistry of Cu hetero-bis(NHC) complexes28 is far 
less established compared to that of mono-NHC and homo-bis(NHC) analogues. Only in 2012, 
Cazin et al. published the first example of such a complex (Scheme 1.6).28a Similarly to 
Nolan’s protocol towards Au(I) hetero-bis(NHC) analogues (Scheme 1.5), a copper hydroxido 
complex [Cu(OH)(IPr)] was employed as a basic precursor. Notably, a catalytic study towards 
alkyne-azide Huisgen cycloaddition revealed the superiority of copper hetero-bis(NHC) 
complexes vs. the homoleptic counterpart [Cu(IPr)2]BF4. This also showcases the potential of 
invoking two different NHCs in Cu-mediated catalysis in general. 
 
Scheme 1.6. Cazin’s syntheses of the first copper hetero-bis(NHC) compelxes. 
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The 2nd report on Cu hetero-bis(NHC) complexes was contributed by César and co-
workers in 2013 (Scheme 1.7).28b A one-pot three-step route was used, which gave a series of 
neutral heteroleptic complexes with a hybrid of a six-membered anionic carbene and an 
imidazole-based carbene ligand. Again, the heteroleptic bis(NHC) complexes proved to be 
better performers in contrast to the homo-bis(NHC) analogue [Cu(IMes)2]BF4 and mono-
NHC counterparts [CuCl(IMes)] and [CuCl(IPr)] in a catalytic intramolecular 
cyclopropanation reaction (IMes = 1,3-bis(2,4,6-trimethylphenyl)-imidazolin-2-ylidene). 
 
Scheme 1.7. César’s syntheses of copper hetero-bis(NHC) compelxes. 
 
A thorough inspection of all Au and Cu hetero-bis(NHC) complexes shown above 
revealed that most compounds are limited to imidazolin-2-ylidene ligands, and an extension to 
other types of carbenes is highly desirable. The exploration of structural diversity in this 
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Chapter 2. Dipalladium complexes with triazolidin-diylidene 
bridges 
 
Triazolidin-3,5-diylidene (ditz, Fig. 2.1), as a unique Janus-type dicarbene, is the 
centerpiece of this chapter (see Chapter 1.2.3 and 1.3.2 for more detailed introduction). In 
1997, Bertrand et al. reported a polymeric Ag(I)-triazolidin-diylidene complex (A), which 
could potentially serve as a dicarbene transfer agent.11a Thereafter, Peris et al. reported a 
range of homo- and hetero-dinuclear triazolidin-diylidene complexes, most of which were 
synthesized using the free dicarbene or in situ deprotonation of the dicationic ligand precursor 
by a basic metal source.12 Notably, less attention has been paid to dipalladium triazolidin-
diylidene complexes, and to the best of our knowledge only three examples (B‒D) have been 
reported.12e‒g Thus, the palladium chemistry of ditz was explored and the results are presented 
herein. 
 
Figure 2.1. Triazolidin-3,5-diylidene (ditz) and reported Ag(I) and Pd(II) complexes. 
 
2.1. Triazolidin-diylidene ligand precusors. 
The 1,2,4-trimethyltriazolium tetrafluoroborate salt c, which serves as the triazolidin-
diylidene precursor, was synthesized by a modification of the published procedure29 in two 
steps (Scheme 2.1). To avoid the use of toxic iodomethane in the first step, N-methylation of 
1,2,4-triazole was accomplished with more benign dimethyl carbonate (DMC) yielding a 
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mixture of 1-methyltriazole (a) and 4-methyltriazole (b) as a colorless liquid in a total yield of 
69%. This mixture was directly used for the second and third alkylation using the stronger 
electrophilic Meerwein’s salt affording the desired dicationic salt ditz·(HBF4)2 (c) in 60% 
yield. 
 Scheme 2.1. Synthesis of 1,2,4-trimethyltriazolium salt c. 
 
2.2. Triazolidin-diylidene bridged Pd(II) hetero-tetra(carbene) complexes. 
2.2.1. Syntheses and characterizations. 
Although the first ditz complex A (vide supra) reported bears Ag(I) centers, the 
potentially useful dicarbene transfer from such species to other metal centers is still rare.12b In 
order to explore such a mild methodology for the preparation of ditz-bridged hetero-carbene 
complexes of Pd(II), the reaction of precursor salt c with 2 equivalents of AgOAc in THF 
under reflux was carried out (Scheme 2.2). This reaction supposedly afforded the Ag-carbene 
species {[Ag(ditz)]BF4}n (1), which aforementioned analogue A has been demonstrated to be 
polymeric in the solid state.11a Without further isolation, complex 1 was treated with a known 
tribromido complex (iPr2-bimyH)[PdBr3(iPr2-bimy)] (E, iPr2-bimy = 1,3-
diisopropylbenzimidazolin-2-ylidene),30 affording the desired dipalladium complex all-trans-
[PdBr2(iPr2-bimy)]2(μ-ditz) (2) as the major product along with minor amounts of another 
inseparable isomer in a ratio of ~9:1 as indicated by 1H NMR spectroscopy. 




Scheme 2.2. Synthesis of Pd(II) complex 2. 
 
It should be noted, that there are four possible isomers for [PdX2L]2(μ-ditz) type 
complexes adopting all-trans-, cis-trans, all-cis-syn and all-cis-anti configurations, 




Figure 2.2. Possible isomers of [PdX2L]2(μ-ditz) complexes. 
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Complex 2 is well soluble in halogenated solvents, CH3CN, DMSO and DMF, but 
insoluble in nonpolar solvents such as diethyl ether, n-hexane and toluene. Even in solution, it 
is stable, and no palladium black is observed upon standing for several weeks in CHCl3. 
For the predominant isomer all-trans-2, the three N-methyl groups of the triazolidin-
diylidene ligand give two signals at 4.62 ppm and 4.36 ppm with a ratio of 1:2 in the 1H NMR 
spectrum, which indicates a 2-fold symmetry of this molecule in solution. Interestingly, two 
mutiplets of equal intensity are found for the isopropyl C–H protons at 6.16 ppm and 6.02 
ppm, suggesting two inequivalent N-substituents of the terminal benzimidazole-derived 
carbene iPr2-bimy. The significant downfield shifts (ΔδH = 0.81, 0.95 ppm) of these protons 
compared to that in the ligand precursor salt iPr2-bimy·H+Br- (cf. 5.21 ppm),30 indicates the 
presence of anagostic (or preagostic) interactions between the isopropyl C–H protons and the 
Pd(II) metal centers in all-trans-2, which has been commonly observed for Pd(II) iPr2-bimy 
complexes.30, 31 It should be noted that such anagostic interaction is believed to be electrostatic 
in nature in contrast to the more widely recognized agostic interaction, the latter of which is 
better described as a 3-center-2-electron C–H···M interaction.32 Despite the inequivalence of 
the isopropyl groups in all-trans-2 as indicated by 1H NMR spectroscopy, the 13C NMR 
spectrum shows only two resonances at 54.8 ppm and 21.7 ppm for isopropyl C–H and CH3 
groups, respectively, which is most likely due to accidental overlap. Finally, two signals at 
179.6 ppm and 175.2 ppm are found in the downfield region of the 13C NMR spectrum, which 
have been unambiguously assigned using HMBC (Heteronuclear Multiple Bond Correlation) 
experiments. As illustrated in Fig. 2.3, a strong correlation between the signals due to 
triazolidin-diylidene N‒CH3 protons (H= 4.62, 4.36 ppm) and the more downfield carbenoid 
resonance (C= 179.6 ppm) was observed. Thus, this carbene signal is assigned to the ditz 
carbene donor, which also indirectly suggests the assignment of the other carbene resonance 
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to the iPr2-bimy ligand. The latter assignment is further supported by the connectivity between 
iPr2-bimy C‒H protons (H= 6.16, 6.02 ppm) and the Ccarbene atom resonating at 175.2 ppm. 
 
Figure 2.3. Section of the HMBC spectrum of 2 in CDCl3. 
 
As elaborated in Chapter 1.2.4, Huynh et al. previously reported the determination of 
ligand donor strengths by 13C NMR spectroscopy on complexes of the type trans-[PdBr2(iPr2-
bimy)(L)], in which iPr2-bimy ligand is used as a spectroscopic probe to evaluate the -donor 
strength of L.17 In the same way, the donating ability of the dicarbene ligand (ditz) in complex 
all-trans-2 was evaluated using the carbenoid resonance of the iPr2-bimy ligand at 175.2 ppm. 
As illustrated in Fig. 2.4, this chemical shift is the most highfield among all the trans-
[PdBr2(iPr2-bimy)(NHC)] complexes on the 13C NMR scale and even more highfield than that 
of trans-[PdBr2(iPr2-bimy)(PCy3)],17a which indicates that 1,2,4-triazolidin-3,5-diylidene is a 
relatively weak electron-donor to two metal centers comparable to that of phosphines rather 
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than NHCs. This result is in line with the reported donor strength determined using a 
dinuclear Ir(I)-carbonyl complex.12a 
 
Figure 2.4. Donating ability of triazolidin-diylidene on the 13C NMR scale. 
 
Structural characterization of the minor isomer by 1H NMR spectroscopy was hampered 
due to the low intensity of its signals, which also overlap with those of all-trans-2. However, 
it is noteworthy that three equally intense singlets (4.64 ppm, 4.39 ppm, 4.35 ppm) are 
observed for the N-methyl groups of the bridging ditz dicarbene ligand. The absence of 2-fold 
symmetry in this minor isomer may point to a complex with a mixed cis-trans configuration.  
The formation of all-trans-2 is also supported by positive mode ESI mass spectrometry, 
which shows a peak at m/z 1072 for the [M + Na]+ species. However, its identity was finally 
confirmed by X-ray diffraction analyses on single crystals obtained by evaporation of a 
chloroform/n-hexane solution. The molecular structure is shown in Fig. 2.5.  




Figure 2.5. Molecular structure of all-trans-2·3CHCl3. Thermal ellipsoids are shown at a 
50% probability level. Hydrogen atoms and solvent molecules are omitted for clarity. 
Selected bond lengths [Å] and angles [deg]: Pd1‒C1 2.011(7), Pd1‒C14 2.034(7), Pd1‒Br1 
2.419(1), Pd1‒Br2 2.428(1), Pd2‒C19 2.004(7), Pd2‒C15 2.026(7), Pd2‒Br4 2.437(1), 
Pd2‒Br3 2.443 (1); C1‒Pd1‒Br1 87.3(2), C14‒Pd1‒Br1 90.9(2), C1‒Pd1‒Br2 89.2(2), 
C14‒Pd1‒Br2 92.7(2), C1‒Pd1‒C14 177.1(3), Br1‒Pd1‒Br2 176.32(4), C19‒Pd2‒Br3 
89.5(2), C15‒Pd2‒Br3 92.9(2), C19‒Pd2‒Br4 87.0(2), C15‒Pd2‒Br4 90.6(2), Br4‒Pd2‒Br3 
176.29(3), C19‒Pd2‒C15 177.4(3). 
 
The dinuclear complex contains two essentially square planar palladium centers, each of 
which is coordinated by one terminal benzimidazolin-2-ylidene, two bromido ligands in a 
trans-fashion and linked by one triazolidin-3,5-diylidene. The benzimidazolin-2-ylidene 
ligands are oriented almost perpendicularly to the PdC2Br2 coordination planes with an 
average dihedral angle of 83.67°. The distance between the two Pd centers measures 6.165(1) 
Å, and the average Pd–Cditz bond length is 2.030(9) Å, which is significantly longer than those 
in the reported analogues B (cf. 1.946(6) Å, Fig. 2.1)12e and C (cf. 1.960(9) Å, Fig. 2.1).12f 
This is mainly due to the increasing steric repulsion and the lower Lewis acidity of the Pd 
centers induced by the coordination of the strongly donating iPr2-bimy ligands. The Pd–Cbimy 
bond distances (2.011(7) Å, 2.004(7) Å) on the other hand are similar to those in the 
mononuclear complex trans-[PdBr2(iPr2-bimy)]2 (F),31 and generally markedly shorter than 
the Pd–Cditz bond lengths. The trans-standing two bromido ligands at each Pd center deviate 
from linearity (~176°) and are bent towards the bulkier iPr2-bimy ligands. This bending has 
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been attributed to a “back-donation” of the bromido lone pair into the formally vacant p-
orbital at the carbene carbon atom.30 Such an interaction may also explain the limited rotation 
and the inequivalence of the isopropyl C‒H protons observed by 1H NMR spectroscopy (vide 
supra). Finally, the four isopropyl C‒H protons are oriented towards the two Pd(II) metal 
centers with a relatively short Pd···H distance of avg. 2.726 Å and a C‒H···Pd angle of avg. 
~121°. These structure parameters and the pronounced downfield shift of isopropyl C‒H 1H 
NMR signals (complex all-trans-2 vs. precursor salt iPr2-bimy·H+Br-, vide supra) collectively 
corroborate the anagostic interaction between the isopropyl C‒H protons and Pd(II) metal 
centers.  
In an earlier study, Huynh’s group introduced a method to access cis-configured 
bis(NHC) complexes through a halido/trifluorocarboxylato ligand substitution (see Scheme 
2.3 for a selected example).31, 33 Furthermore, cis-configured NHC complexes have also been 
reported to undergo faster initiation to catalytically active Pd(0) species than their direct trans 
isomers.34 
 Scheme 2.3. Huynh’s synthesis of cis-oriented bis(NHC) complexes. 
 
Thus, with the objective to broaden the structural diversity of dipalladium triazolidin-
diylidene complexes, particularly to gain access to cis-oriented isomers, complex 2 was 
treated with four equivalents of AgO2CCH3 and AgO2CCF3 in CH3CN affording the 
carboxylato complexes [Pd(O2CCH3)2(iPr2-bimy)]2(μ-ditz) (3) and [Pd(O2CCF3)2(iPr2-
bimy)]2(μ-ditz) (4) (Scheme 2.4). In both cases and similar to complex 2, the product mixture 
contained inseparable geometrical isomers as indicated by NMR spectroscopy (vide infra). 




Scheme 2.4. Syntheses of tetracarboxylato hetero-tetra(carbene) Pd(II) complexes 3 and 4. 
 
The formation of complex 3 bearing acetato ligands is supported by ESI mass 
spectrometry with dominant peaks at m/z 906, 937 and 988 for [M – OAc]+, [M –
 OAc + MeOH]+ and [M + Na]+ species, respectively. Its 1H NMR spectrum shows two sets 
of signals due to the presence of all-trans-3 and supposedly all-cis-3 in a ratio of ~2.6:1. The 
major product all-trans-3 gives one singlet at 1.70 ppm for the four equivalent CH3 groups of 
the acetato ligands, and correspondingly one singlet at 22.8 ppm is observed in the 13C NMR 
spectrum. Surprisingly and in contrast to all-trans-2, only one multiplet at 6.33 ppm and one 
doublet at 1.76 ppm are detected for the N-isopropyl protons, which may indicate a lower 
rotation barrier for the iPr2-bimy ligand despite the presence of bulkier acetato ligands (vide 
infra). The two sets of N‒CH3 groups of the dicarbene ligand resonate at 4.63 ppm and 4.42 
ppm in an intensity ratio of 1:2, respectively. 
For the minor all-cis isomer, two singlets at 1.71 ppm and 1.66 ppm of equal intensity 
are observed for the inequivalent acetato CH3 groups, and consequently, two signals at 23.0 
ppm and 22.8 ppm are found in the 13C NMR spectrum. Interestingly, the isopropyl C–H 
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protons of all-cis-3 give rise to only one multiplet at 6.44 ppm, which is more downfield 
compared to that in all-trans-3. The exact conformation of all-cis-3 as syn or anti form (Fig. 
2.2) cannot be further determined, although a cis-anti structure is more likely due to sterical 
reasons. The 13C NMR signals due to the carbene donors and the carbonyl groups of all-trans- 
and all-cis-3 fall in a narrow range (175.4–180.2 ppm), and have not been assigned further. 
Despite the presence of isomers in solution, several attempts to grow single crystals 
always afforded crystals of solely all-trans-3. A sample suitable for X-ray diffraction studies 
was obtained by diffusion of pentane into a concentrated CH3CN solution, and the molecular 
structure is shown in Fig. 2.6. Since the atoms around Pd2 are disordered, only the parameters 
of the complex fragment containing Pd1 are discussed here. The acetato ligands are 
monodentate and arranged in a trans-fashion around the square planar Pd center. Furthermore, 
the dihedral angle between the iPr2-bimy heterocyclic ring and Pd1C2O2 coordination plane 
has decreased to 67.31compared to that in all-trans-2 (cf. 83.67°)This is not surprising 
because this twist can reduce the steric repulsion between the acetato groups and iPr2-bimy 
ligand. The Pd‒Ccarbene bond lengths remain essentially unchanged compared to those in all-
trans-2, and also the average Pd–O bond length of 2.031 Å is comparable to those in 
mononuclear trans-configured analogues.35 Notably and different from all-trans-2, the two 
anionic co-ligands trans to each other do not deviate from linearity (~179°). The absence of 
any intramolecular interactions of the O-donors with the carbene carbon may account for the 
free rotation of the iPr2-bimy ligand and the equivalence of the isopropyl groups in solution 
(vide supra). Attempts to obtain single crystals of better quality were to no avail. 
 




Figure 2.6. Molecular structure of all-trans-3. Thermal ellipsoids are shown at a 15% 
probability level. Hydrogen atoms and disordered atoms are omitted for clarity. Selected bond 
lengths [Å] and angles [deg]: Pd1‒C18 2.013(12), Pd1‒C1 2.029(11), Pd1‒O1 2.026(11), 
Pd1‒O3 2.036(11); C18‒Pd1‒O1 89.3(5), O1‒Pd1‒C1 89.6(4), C18‒Pd1‒O3 90.0(5), 
C1‒Pd1‒O3 91.1(4), C18‒Pd1‒C1 178.5(5), O1‒Pd1‒O3 179.1(4). Bond lengths and angles 
related to Pd2 are not given due to the disorder in the crystal. 
 
In contrast to the preparation of 3, complex all-trans-4 was obtained almost exclusively 
as the major product, and the amount of other isomers was negligible. Its ESI mass spectrum 
is comparable to that of the acetato analogue showing intense isotopic patterns at m/z 1068 
and 1099 originating from [M – CF3CO2]+ and [M – CF3CO2 + MeOH]+ fragments, 
respectively. The 1H NMR spectrum of all-trans-4 in CDCl3 also displays essentially the same 
characteristics as that of all-trans-3 apart from an additional signal arising from the acetato 
ligands observed for the latter. 
The 13C NMR spectrum, on the other hand, shows distinct differences due to the 
presence of the trifluoroacetato co-ligands. As a result of 13C–19F heteronuclear couplings, the 
signals for the CO (162.8 ppm, q, 2J(C,F) = 37 Hz) and CF3 groups (114.7 ppm, q, 1J(C,F) = 
290 Hz) of these ligands resonate as two distinct quartets, and their equivalency is in line with 
the proposed all-trans configuration in solution. Finally, the two carbene carbon resonances 
(176.3 ppm, 169.5 ppm) of all-trans-4 are found upfield compared to those (179.6 ppm, 175.2 
ppm) in all-trans-2 demonstrating a shielding effect of the CF3CO2– ligands.36 




Figure 2.7. Molecular structure of all-trans-4·CH3CN. Thermal ellipsoids are shown at a 
15% probability level. Hydrogen atoms, disordered parts and solvent molecules are omitted 
for clarity. Selected bond lengths [Å] and angles [deg]: Pd1–C18 2.023(10), Pd1–C1 
2.035(10), Pd1–O1 2.026(6), Pd1–O3 2.036(6), Pd2–C19 2.045(9), Pd2–C23 2.060(9), Pd2–
O5 2.017(9), Pd2–O7 2.024(6); C18–Pd1–O1 87.7(3), O1–Pd1–C1 92.6(3), C18–Pd1–O3 
91.3(3), C1–Pd1–O3 88.3(3), C18–Pd1–C1 177.0(4), O1–Pd1–O3 178.0(3), O5–Pd2–C19 
90.3(3), O7–Pd2–C19 91.2(3), O5–Pd2–C23 89.7(3), O7–Pd2–C23 88.9(3), C19–Pd2–C23 
179.8(5), O5–Pd2–O7 165.3(3). 
 
Single crystals of all-trans-4 suitable for X-ray diffraction studies were grown by 
diffusion of pentane into a concentrated CH3CN solution. The molecular structure depicted in 
Fig. 2.7 shows an all-trans arrangement around the square planar Pd(II) centers, which was 
also observed in solution (vide supra). The interpalladium distance amounting to 6.146 Å is 
similar to that in all-trans-2. The benzimidazolin-2-ylidene and triazolidin-diylidene ring 
planes are oriented almost perpendicularly to the PdC2O2 coordination planes with average 
dihedral angle of 75.19° and 78.70° respectively.  
Finally, in the molecular structures of complexes all-trans-3/4 and similar as the 
precursor complex all-trans-2, all isopropyl C–H protons are observed to point to the Pd 
metal centers, which suggests a C–H···M anagostic interaction. Again, such sort of interaction 
is also strongly evidenced by the downfield shifts of isopropyl C–H 1H NMR signals as 
compared to that in the precursor salt iPr2-bimy·H+Br-.    
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Isomerization and Decomposition. In a previous study on mononuclear dicarboxylato-
bis(carbene) Pd(II) complexes by Huynh et al, an interesting trans-cis isomerization was 
noted.31,33 Thus, the isomerization behavior of dinuclear tetracarboxylato-tetra(carbene) 
complexes 3 and 4 was studied by time-dependent 1H NMR spectroscopy. 
Fig. 2.8 shows the 1H NMR spectra of all-trans-4 in the range of ~6.10–6.60 ppm 
recorded over a time span of 110 hours in CDCl3. Notably, the intensity of the multiplet at 
6.42 ppm due to the isopropyl C–H protons of the all-cis-isomer increased gradually until 
eventually a trans/cis isomeric ratio of ~1:1 is reached. On the other hand, the isomerization 
of all-trans-3 is sluggish with an insignificant change of the isomeric ratio from an initial 
value of ~2.6:1 to finally ~2.2:1. This finding is not surprising, since a cis-configuration is 
expected to be electronically more favorable for bis(carbene) complexes bearing weaker 
donating CF3CO2– co-ligands. The fact that the trans isomers do not fully convert to the cis 
form as observed for mononuclear species31 may be attributed to competing contribution of 
the enhanced sterical crowding in the resulting cis-configured dinuclear complex. 
 
Figure 2.8. Time-dependent 1H NMR spectra showing the trans-cis isomerization of 
complex 4 in CDCl3. 
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In contrast to the tetrabromido complex 2, the tetracarboxylato compounds 3 and 4 are 
less stable. Formation of Pd black was observed in CH3CN solutions upon standing for ca. 
one week. From the crude decomposition mixture of complex 3, we were able to obtain a few 
single crystals, which were found to be the mononuclear complex trans-[Pd(O2CCH3)2(iPr2-
bimy)2] (5).  
The molecular structure determined by X-ray crystallography and shown in Fig. 2.9 
consists of one Pd(II) center coordinated by two acetato ligands and two benzimidazolin-2-
ylidene ligands in a trans-fashion. Although the decomposition pathway of complex 3 is 
currently not known, the formation of Pd black and trans-5 points to a process involving 
reductive elimination of the bridging ditz ligand. 
 
Figure 2.9. Molecular structure of trans-5. Thermal ellipsoids are shown at a 50% probability 
level. Hydrogen atoms are omitted for clarity. Selected bond lengths [Å] and angles [deg]: 
Pd1–O1 2.013(2), Pd1–O1A 2.013(2), Pd1–C1 2.032(3), Pd1–C1A 2.032(3); O1–Pd1–C1A 
88.23(10), O1A–Pd1–C1A 91.77(10), O1–Pd1–C1 91.77(10), O1A–Pd1–C1, 88.23(10), 
C1A–Pd1–C1 180.0, O1–Pd1–O1A 180.00(12). 
 
Complex 5 can be designedly synthesized by treating trans-[PdBr2(iPr2-bimy)2] (F)31 
with 2 equivalents of AgO2CCH3 in CH3CN (Scheme 2.5). In contrast to cis-G (Scheme 2.3), 
the product was obtained as a mixture of trans- and cis-5 with a final trans/cis isomeric ratio 
of ~3.5:1, as indicated by 1H NMR spectroscopy. 





Scheme 2.5. Synthesis of Pd(II) acetato complex 5. 
 
The 1H NMR spectrum of the major product trans-5 shows only one multiplet at 6.48 
ppm and one doublet at 1.81 ppm for the N-isopropyl group, indicating the free rotation of 
Pd–Ccarbene bonds. Its 13C NMR spectrum reveals the carbene carbon resonance at 180.1 ppm, 
which is almost the same with that (180.0 ppm) of its precursor complex trans-F.31 On the 
other hand, two doublets at 1.85 ppm and 1.84 ppm are detected for the inequivalent isopropyl 
CH3 groups of the minor isomer cis-5. The two acetato ligands in cis-5 are also different 
giving rise to two singlets at 1.72 ppm and 1.62 ppm. Furthermore, the mass spectrum shows 
a base peak for the [M – O2CCH3 + L]+ species, further supporting the formation of complex 
5. 
 
2.2.2. Catalytic studies. 
All triazolidin-diylidene complexes 2‒4 were tested as catalyst precursors in the 
Mizoroki-Heck reaction. The coupling of aryl halides with tert-butyl acrylate in DMF with 
0.5 mol% catalyst loading and a reaction time of 24 h was selected as a standard test reaction 
condition. The results obtained are summarized in Table 2.1. Entries 1–3 reveal that all three 
complexes can couple activated 4-bromobenzaldehyde in near-quantitative yields without any 
additives. Using the same conditions, the yields for the coupling of deactivated 4-
bromoanisole decreased generally (entry 4, 6, 8, Table 2.1). It is surprising, that the drop in 
yield is especially severe with pre-catalysts 3 and 4, while complex 2 still afforded 78%. The 
difference in yields is also reflected in the rate of Pd black formation during these reactions 
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(~4 h for entry 4, ~1.5 h for entries 6 and 8). As expected, addition of NBu4Br led to a 
dramatic improvement giving essentially quantitative product yields for the coupling of 4-
bromoanisole (entries 5, 7, 9, Table 2.1) and 4-chlorobenzaldehyde (entries 10–12, Table 2.1). 
All the reactions gave selectively the corresponding E-cinnamate, and further increase of the 
reaction temperature to 140 ºC lowers the selectivity to a slight extend and gave Z-isomers as 
minor products. In addition, the activity of dinuclear complex 2 was also compared with that 
of the previously reported mononuclear complex trans-[PdBr2(iPr2-bimy)2] (F).31 The 
coupling reactions, which were conducted under the same condition using the same catalyst 
loading based on Pd, revealed the superiority of the former vs. the latter (Table 2.1, entries 13 
and 14). 
 
Table 2.1. Mizoroki-Heck coupling reactionsa catalyzed by complexes 2‒4. 
 
Entry Catalyst mol% Aryl halide Temp Yield [%]b
1 2 0.5 4-bromobenzaldehyde 120 >99 
2 3 0.5 4-bromobenzaldehyde 120 >99 
3 4 0.5 4-bromobenzaldehyde 120 90 
4 2 0.5 4-bromoanisole 120 78 
5 2 0.5 4-bromoanisole 120 94c 
6 3 0.5 4-bromoanisole 120 10 
7 3 0.5 4-bromoanisole 120 >99c 
8 4 0.5 4-bromoanisole 120 8 
9 4 0.5 4-bromoanisole 120 93c 
10 2 0.5 4-chlorobenzaldehyde 120 97c 
11 3 0.5 4-chlorobenzaldehyde 120 98c 
12 4 0.5 4-chlorobenzaldehyde 120 96c 
13 2 0.5 4-bromoanisole 140 97c 
14 trans-F 1 4-bromoanisole 140   72c, d 
a Reaction conditions generally not optimized. Reaction conditions in entry 1–12: 1 mmol of aryl halide; 
1.5 mmol of tert-butyl acrylate; 3 mL of DMF; 1.5 equiv of NaHCO3; 0.5 mol% of catalyst; 120 ºC; 24 h. 
Reaction conditions in entry 13–14 are the same with those in entry 1–12 except for the use of NaOAc as 
the base and 140 ºC as the reaction temperature. b Yields were determined by 1H NMR spectroscopy for an 
average of two runs. c With addition of 1.5 equiv of [N(n-C4H9)4]Br. d Data are obtained from a previous 
study.31  
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Table 2.1 also revealed that the acetato complex 3 shows slightly better performance 
than the other two ditz complexes, which should result from the ability of the acetato ligand to 
stabilize active Pd0 species.33 Encouraged by the good performance of precatalyst 3, we 
extended its scope to a few deactivated substrates, dihalides and heteroarenes. The results 
summarized in Table 2.2 shows that excellent yields are obtained with aryl- and heteroaryl 
bromides. Substrates with N- or S-donor atoms can undergo the coupling reactions in high 
yields without deactivation of the catalysts via competing coordination (entries 3‒5). 37 
However, for the more challenging 2-chloro-pyridine substrate only negligible conversion 
was observed. 
Table 2.2. Mizoroki-Heck coupling reactionsa catalyzed by complex 3. 
Entry Catalyst Aryl halide Product Yield 
[%]b 















a Reaction conditions: 1 mmol of aryl halide; 1.5 mmol of tert-butyl acrylate; 3 mL of DMF; 1.5 equiv of 
NaHCO3; 0.5 mol% of complex 3; 120 ºC; 24 h. b Yields were determined by 1H NMR spectroscopy for an 
average of two runs. c With addition of 1.5 equiv of [N(n-C4H9)4]Br.  
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2.3. Triazolidin-diylidene/phosphine mixed  Pd(II) complexes. 
All hetero-tetra(carbene) complexes of the general formula [PdX2(iPr2-bimy)]2(μ-ditz) (X 
= Br, CH3COO, CF3COO) described in Chapter 2.2 prefer to adopt the all-trans-configuration. 
As illustrated in Fig. 2.2, four isomers (all-trans, cis-trans, all-cis-syn and all-cis-anti) are 
possible for complexes of the type [PdX2L]2(μ-ditz). 
In 1997, Vicente and Jones’s groups reported a series of Pd(II) dimer cleavage reactions 
with phosphines (Scheme 2.6).38 It was observed that these reactions selectively gave Ar/PR3-
cis oriented isomers, with phosphines cis-standing with respect to aryl ligands. They coined 
the term “transphobia effect” to describe the difficulty of coordinating mutually trans aryl and 
phosphines in square planner Pd(II) complexes. The same effect has also been observed for a 
number of Pd(II) mixed carbene/phosphine complexes of the general formula 
[PdX2(NHC)(PR3)] (X = halido ligand),30,39 in which cases the phosphines prefer to be cis to 
the carbene ligands. 
 
Scheme 2.6. “Transphobia effect”-related reactions reported by Vicente and Jones’s groups. 
 
The introduction of phosphines to the triazolidin-diylidene system described herein may 
provide an avenue to selectively access all-cis-oriented isomers. Thus, with the objective to 
further broaden the structural diversity of di-Pd(II) ditz complexes, mono- and diphosphines 
were employed as supporting ligands in this subchapter. 
2.3.1. Syntheses and characterizations. 
The dipalladium ditz complex all-trans-[PdCl2(CH3CN)]2(μ-ditz) (B, Fig. 2.1) has been 
reported by Peris et al.12e However, its potential use for further ligand substitution reactions 
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remains unexplored, although the labile acetonitrile ligands in complexes of this type are 
predestined to undergo displacement. Thus, as a good starting point for us, the analogous all-
trans-[PdBr2(CH3CN)]2(μ-ditz) complex was synthesized. To be consistent with the study in 
Chapter 2.2 and for the purpose of comparison, bromido coligands were chosen. The 
palladation reaction of dicationic salt c, two equivalents of Pd(OAc)2 and excess KBr in 
CH3CN, following the reported procedure for chlorido analogue B (vide supra),12e afforded 
all-trans-[PdBr2(CH3CN)2]2(μ-ditz) (6) in a decent yield of 72% (Scheme 2.7). 
 
Scheme 2.7. Synthesis of dipalladium acetonitrile complex all-trans-6. 
 
In the 1H NMR spectrum of all-trans-6, the absence of the downfield resonance 
characteristic for NCHN protons provided the first evidence of the successful metalation. The 
three N–methyl groups of the triazolidin-diylidene ligand give two singlets with very close 
chemical shifts at 4.31 and 4.25 ppm with an intensity ratio of 1:2 suggesting a 2-fold 
symmetry of all-trans-6 in solution. 
 The formation of all-trans-6 was further corroborated by its 13C NMR spectrum, which 
displays the carbene signal at 160.6 ppm, falling in the range typically observed for Pd(II) 
NHC–acetonitrile complexes.12e,30 In addition, a dominant peak at m/z 749 was observed in 
the ESI–MS spectrum of all-trans-6, arising from the [M + Na]+ cationic species. 
Complex all-trans-6 is readily soluble in CH3CN, less soluble in chlorinated solvents 
and insoluble in non-polar solvents such as diethyl ether and n-hexane. This compound is 
fairly air-stable, and no decomposition to palladium black was observed in CH3CN upon 
standing for a couple of days. Several attempts to obtain single crystals of good quality for X-
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ray diffraction study were to no avail. However, the analogous tetra-chlorido complex B (vide 
supra) was reported to adopt an all-trans-configuration. 
 
 
Scheme 2.8. Synthesis and isomerization process of di-Pd(II) ditz/PPh3 complex 7. 
 
Complex all-trans-6 can serve as a precursor for further ligand replacement reactions 
and was treated with two equivalents of PPh3 in CH3CN with the aim to access the mixed 
dicarbene/phosphine complex [PdBr2(PPh3)]2(μ-ditz) (7, Scheme 2.8). It is known that mixed 
NHC/phosphine complexes of the type trans-[PdX2(NHC)(PR3)] (X = halido ligand) slowly 
convert to the preferred cis-configured isomer (vide supra).30,39 Such isomerization processes 
have not been studied for dipalladium complexes yet. To provide insight into the potential 
isomerization process in the case of the more complicated dipalladium mixed 
dicarbene/bis(phosphine) complex 7 described herein, a NMR tube reaction was carried out. 
Complex all-trans-6 and 2 equivalents of PPh3 were separately dissolved in CD3CN and then 
the two solutions were mixed in a NMR tube and subjected to the 1H NMR spectroscopic 
analysis. The inter-conversion of isomers can be monitored by 1H NMR spectroscopy as 
depicted in Fig. 2.10. 




Figure 2.10. Time-dependent 1H NMR spectra showing the isomerization process of di-Pd(II) 
mixed ditz/PPh3 complex 7 in CD3CN. 
 
The 1H NMR signals for the N–CH3 groups of the triazolidin-diylidene ligand are good 
indicators for the isomerization process. Facile ligand substitution is accomplished quickly in 
only 5 mins and two new sets of resonance, assigned to all-trans-7 and cis-trans-7 
respectively, emerged (Fig. 2.10). The former gives two singlets with an intensity ratio of 1:2, 
in line with a 2-fold symmetry of this isomer. As expected, such symmetry is absent in the 
latter mixed cis-trans form, which is corroborated by three singlets with an integration ratio of 
1:1:1. Notably, the isomer all-trans-7 was almost fully consumed in only 45 mins, suggesting 
that this isomer is thermodynamically unfavorable. This is due to the transphobia effect, 
which is expressed here as the difficulty to place two strong phosphine donors trans to the 
dicarbene in all-trans-7 isomer. In contrast, the cis-trans-7 form is slightly more preferred, 
and the corresponding signals almost disappeared only after ca. 7 h. Finally, signals due to 
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all-cis-7 become dominant indicating it as the most thermodynamically stable species. It 
should be noted, that this isomerization process can be accelerated at elevated temperature. 
Heating the reaction mixture in CH3CN at 80 ºC for only ca. 2 h leads to a complete 
conversion to the all-cis isomer. 
Complex all-cis-7 was isolated as yellow solid, which is readily soluble in polar solvents 
such as DMSO, CH3CN and CH2Cl2, but less soluble in CHCl3 and insoluble in non-polar 
solvents, such as diethyl ether and n-hexane. In the 1H NMR spectrum of all-cis-7, the N-
methyl groups of triazolidin-diylidene ligand give two singlets at 4.08 and 2.96 ppm, which 
are upfield shifted in comparison to those in all-trans-6. This is probably due to the shielding 
effect of the phenyl rings of the cis-standing PPh3 ligands. Only one singlet at 28.0 ppm is 
observed in the 31P NMR spectrum supporting the existence of a single isomer. The formation 
of all-cis-7 was also verified by its 13C NMR spectrum, which displays the carbene signal at 
176.7 ppm. A base peak at m/z 1121 is found in the positive mode ESI-MS spectrum of all-
cis-7, arising from the cationic species [M – Br + CH3OH]+. 
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Figure 2.11. Molecular structure of all-cis-7·1.5CH2Cl2. Thermal ellipsoids are shown at 
a 50% probability level. Hydrogen atoms, solvent molecules and disordered atoms are omitted 
for clarity. Selected bond lengths [Å] and angles [deg]: Pd1–C1 1.968(5), Pd1–P1 2.266(2), 
Pd1–Br1 2.4496(7), Pd1–Br2 2.4701(7), Pd2–C2 1.976(5), Pd2–P2 2.269(1), Pd2–Br4 
2.4568(7), Pd2–Br3 2.4598(7); C1–Pd1–P1 94.07(15), C1–Pd1–Br1 176.10(15), P1–Pd1–Br1 
86.72(4), C1–Pd1–Br2 85.08(14), P1–Pd1–Br2  178.19(5), Br1–Pd1–Br2 94.24(2), C2–Pd2–
P2 92.58(15), C2–Pd2–Br4 174.09(15), P2–Pd2–Br4 92.27(4), C2–Pd2–Br3 84.60(14), P2–
Pd2–Br3 177.09(4), Br4–Pd2–Br3 90.50(2). 
 
The identity of all-cis-7 was also confirmed by X-ray diffraction analysis on the single 
crystals obtained by slow evaporation of the solvent from a concentrated CH2Cl2/n-hexane 
solution. The molecular structure is depicted in Fig. 2.11. The dinuclear complex contains two 
essentially square planar palladium centers, each of which is coordinated by one PPh3 ligand, 
two bromido ligands in a cis-fashion and linked by a triazolidin-diylidene bridge. The two 
sterically demanding PPh3 ligands adopt an anti-configuration with respect to the di-NHC 
plane to avoid intramolecular repulsion. The five-membered dicarbene ring is oriented almost 
perpendicularly to the Pd–C–P–Br2 coordination planes with an average dihedral angle of 
~77°. The Pd–Ccarbene(ditz) bond lengths of 1.968(5) and 1.976(5) Å in all-cis-7 are found to 
be markedly shorter compared to those in the hetero-(tetra)carbene counterpart 2 (cf. 2.026(7), 
2.034(7) Å) described in Chapter 2.2. This observation is attributed to the stronger trans-
influence exerted by the iPr2-bimy carbene ligand in the latter. Owing to the same reason, the 
inter-palladium distance of 5.969(1) Å in all-cis-7 is also pronouncedly shorter than that in 2 
(cf. 6.165(1) Å). To the best of our knowledge, complex all-cis-7 is the first structurally 
characterized dipalladium triazolidin-diylidene complex adopting an all-cis-configuration. 
To further explore the structural diversity of ditz-bridged dipalladium complexes, the 
reactivity of all-trans-6 towards diphosphine ligands was examined. Hence, the precursor 
complex all-trans-6 was treated with two equivalents of the DPPP ligand (DPPP = 1,3-bis- 
(diphenylphosphino)propane), affording the desired bis(diphosphine) complex 
[PdBr(DPPP)]2(μ-ditz)Br2 (8) as an off-white solid in a high yield of 85% (Scheme 2.9). 




Scheme 2.9. Synthesis of dipalladium(II) mixed dicarbene/diphosphine complex 8. 
 
Complex 8 is readily soluble in polar solvents such as DMSO and DMF and less soluble 
in CH2Cl2. In the 31P NMR spectrum of 8 recorded in d6-DMSO, two sharp doublets at 9.68 
and –1.85 ppm with a coupling constant of 2J(P,P) = 35 Hz, are found. These resonances are 
in good agreement with the data found for other Pd(II)-DPPP complexes.40 The 1H NMR 
spectrum displays only one set of signals, suggesting a free rotation of Pd–Ccarbene bonds. The 
three N–methyl groups of the triazolidin-diylidene bridge give two singlets at 3.89 ppm and 
3.16 ppm with an intensity ratio of 1:2. The carbene signal is found at 178.4 ppm in the 13C 
NMR spectrum of complex 8. ESI–MS spectrometry further supports the formation of 8, by a 
dominant peak at m/z 654 arising from the dicationic species [M – 2Br]2+ (Fig. 2.12). 
 
 
Figure 2.12. Isotopic pattern of the [8 – 2Br]2+ fragment in the positive ESI mass 
spectrometry (left) and simulated pattern (right). 
 
Single crystals suitable for X-ray diffraction were obtained by slow evaporation of the 
solvent from a concentrated solution of 8 in CH2Cl2. The molecular structure is depicted in 
Fig. 2.13. The dinuclear complex contains two anti-oriented [PdBr(DPPP)] fragments, which 
are linked by a triazolidin-3,5-diylidene ligand. Two Pd–C–Br–P2 coordination planes are 
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almost perpendicular to the dicarbene ring with an average dihedral angle of ~82°. The 
average P–Pd–P angle (91.84°) in the six-membered palladacycles falls in the range of 
diphosphine bite angles typically observed in Pd(II) DPPP complexes.41 As expected, the 
bond lengths of Pd1–P1 and Pd2–P3 are markedly longer than those of Pd1–P2 and Pd2–P4, 
respectively, due to the trans-influence of dicarbene ligand. Lastly, the inter-palladium 
distance of 6.080 Å is longer than that in complex all-cis-7, probably due to the repulsion of 




Figure 2.13. Molecular structure of 8·3CH2Cl2·H2O. Thermal ellipsoids are shown at a 
50% probability level. Hydrogen atoms, solvent molecules and bromide anions are omitted 
for clarity. Selected bond lengths [Å] and angles [deg]: Pd1–C1 2.038(5), Pd1–P2 2.267(1), 
Pd1–P1 2.307(1), Pd1–Br1 2.4795(6), Pd2–C2 2.023(5), Pd2–P4 2.265(1), Pd2–P3 2.303(1), 
Pd2–Br2 2.4608(6); C1–Pd1–P2 92.53(13), C1–Pd1–P1 170.87(14), P2–Pd1–P1 90.36(5), 
C1–Pd1–Br1 84.99(13), P2–Pd1–Br1 176.05(4), P1–Pd1–Br1 91.63(4), C2–Pd2–P4 
90.35(13), C2–Pd2–P3 176.17(14), P4–Pd2–P3 93.31(5), C2–Pd2–Br2 84.36(13), P4–Pd2–
Br2 173.67(4), P3–Pd2–Br2 91.92(4). 
 
The study shown in Chapter 2.2 and some earlier work has revealed that palladium 
carbene complex with labile acetato co-ligands are superior catalyst precursors compared to 
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that with halido co-ligands.33 Thus, tetra-bromido complex all-cis-7 was treated with four 
equivalents of silver acetate, affording the tetra-acetato complex all-cis-
[Pd(O2CCH3)2(PPh3)]2(μ-ditz) (all-cis-9) as the major product along with minor amounts of 
another inseparable isomer cis-trans-[Pd(O2CCH3)2(PPh3)]2(μ-ditz) (cis-trans-9) in a ratio of 
~3:1, as indicated by 1H NMR spectroscopy (Scheme 2.10). 
 
 
Scheme 2.10. Synthesis of dipalladium(II) tetra-acetato complex 9. 
 
The 1H NMR spectrum of the major product all-cis-9 shows two singlets at 1.69 and 
1.42 ppm for the four CH3 groups of the acetato ligands. The two sets of N-CH3 groups of the 
dicarbene ligand resonate at 4.27 ppm and 3.10 ppm in an intensity ratio of 1:2, respectively. 
As expected, the two cis-standing PPh3 ligands give only one singlet at 25.2 ppm in the 31P 
NMR spectrum. 
The formation of the cis-trans isomer, as the minor product, was clearly verified by the 
three singlets at 4.14, 3.32 and 2.97 ppm of equal intensity observed for the inequivalent N-
CH3 groups of the dicarbene ligand. The absence of the 2-fold symmetry for this isomer is 
further corroborated by 31P NMR spectroscopy, which displays two singlets at 25.3 and 23.9 
ppm for the two inequivalent phosphine ligands. The 13C NMR signals due to the carbene 
donors and the carbonyl groups of all-cis- and cis-trans-9 fall in a narrow range (171.8 ppm–
178.0 ppm), and have not been assigned further. 
The formation of complex 9 bearing acetato ligands is also supported by ESI mass 
spectrometry with dominant peaks at m/z 1026 for [M – CH3COO]+ species. 
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1H NMR spectroscopy monitoring of 9 reveals insignificant change of the isomeric ratio. 
Due to the more labile nature of acetato co-ligands, complex 9 is less stable in contrast to the 
bromido precursor all-cis-7. Slow decomposition of 9 to palladium black was observed in 
solution upon standing for 1 d. 
Attempts to prepare the diphosphine-acetato complex [Pd(OAc)(DPPP)]2(μ-ditz)(OAc)2 
(10) using complex 8 as the precursor are to no avail (Scheme 2.11). Instead, fast 
decomposition to palladium black was observed. The increased steric repulsion brought about 
by more bulky acetato versus bromido co-ligands in an already crowded complex may 
account for the instability of complex 10. 
 
Scheme 2.11. Attempt to synthesize diphosphine-acetato complex 10. 
 
Synthesis of mononuclear equivalents. Previous work12 has suggested that the catalytic 
performance could be enhanced as a result of synergistic effects between two catalytically 
active metal centers linked by a triazolidin-diylidene ligand (see Chapter 1.3.2 see more 
detailed introduction). To examine the potential cooperativity exerted by the two linked Pd(II) 
centers in the ditz complexes described herein, their corresponding mononuclear equivalents 
were synthesized. It should be noted that, earlier study on the electronic communication 
across triazolidin-diylidene employed imidazolin-2-ylidene as the supporting ligand in 
mononuclear counterparts.12h However, this imidazole-based carbene is not a suitable 
monocarbene equivalent due to its much stronger donating ability and different sterical 
demand compared to trimethyltriazolidin-diylidene studied herein, which has been 
demonstrated to be a rather weak donor in Chapter 2.2. In contrast, 1,2,4-triazolin-5-ylidene, 
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as one of the weakest NHCs17a and therefore closest to the ditz, was selected as a 
monocarbene equivalent. 
As shown in Scheme 2.12, the triazolium precursor salt tazy·H+I- (d, tazy = 1,4-
dimethyl-1,2,4-triazolin-5-ylidene) was prepared via a slightly modified approach 42  by 
methylation of 1-methyltriazole with iodomethane. To avoid ligand scrambling in the 
subsequent metalation step, salt d was subjected to an anion metathesis reaction with NaBF4. 
Similar to bis(acetonitrile) complex all-trans-7, the monopalladium complex trans-
[PdBr2(CH3CN)(tazy)] (11) was prepared in a good yield of 76% by reaction of salt e, 
Pd(OAc)2 and excess KBr in CH3CN. 
 
Scheme 2.12. Synthesis of Pd(II) triazolin-5-ylidene acetonitrile complex trans-11. 
 
Complex trans-11 can be exploited as a precursor, and ligand replacement reactions 
employing PPh3 and DPPP ligands gave the complexes cis-[PdBr2(PPh3)(tazy)] (12) and 
[PdBr(DPPP)(tazy)]Br (13) in decent yields of 87% and 81%, respectively (Scheme 2.13). 
Bromido abstraction of cis-12 was achieved by using 2 equivalents of AgO2CCH3, affording 
the desired mixed phosphine/acetato complex cis-14. 
 




Scheme 2.13. Syntheses of mono-Pd(II) triazolin-5-ylidene complexes 12–14. 
 
Figure 2.14. Molecular structure of cis-12. Thermal ellipsoids are shown at a 50% 
probability level. Hydrogen atoms are omitted for clarity. Selected bond lengths [Å] and 
angles [deg]: Pd1–C1 1.988(5), Pd1–P1, 2.269(1), Pd1–Br2 2.4510(7), Pd1–Br1 2.4758(7); 
C1–Pd1–P1 93.19(14), C1–Pd1–Br2 176.18(14), P1–Pd1–Br2 90.36(4), C1–Pd1–Br1 
85.26(14), P1–Pd1–Br1 178.32(4), Br2–Pd1–Br1 91.16(2), N2–C1–N1 104.5(4). 
 
All the newly synthesized mono-Pd(II) triazolin-5-ylidene complexes 11–14 were 
identified by multi-nuclei NMR spectroscopy, and further corroborated by ESI-mass 
spectrometry. In addition, the formation of cis-12 was confirmed by X-ray diffraction analysis 
on the single crystals obtained by slow evaporation of the solvent from a concentrated 
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CH2Cl2/n-hexane solution of cis-12. The solid state molecular structure is depicted in Fig. 
2.14. As expected, it exhibits square planar geometry with the palladium center surrounded by 
PPh3, one triazolin-5-ylidene ligand, and two cis-oriented bromido co-ligands. Comparison of 
cis-12 with its dinuclear counterpart all-cis-7 revealed that all the key bond parameters are 
essentially equal within 3σ limits. 
 
2.3.2. Catalytic studies. 
Arylated imidazoles are known to exhibit a variety of interesting biological properties43 
and they can be accessed via transition metal-catalyzed arylation from imidazoles and aryl 
halides. In this regard, a few well-defined precatalysts44 have been reported, but surprisingly 
NHCs have rarely been exploited as ancillary ligands in such arylation catalysis.44a,b In a 
preliminary study, direct C5-arylation of 1-methyl-imidazoles was attempted using all the 
triazolidin-3,5-diylidene and triazolin-5-ylidene complexes described herein as catalyst 
precursors. 
The arylation of 1-methyl-imidazole with 4-bromoacetophenone at 2.5 mol% catalyst 
loading (based on Pd) and a reaction time of 18 h was chosen as a standard test reaction to 
compare the performance of different precatalysts (Table 2.3). 
All the newly synthesized complexes proved to be catalytically active in this regio-
selective arylation reaction. It should be noted that, a previous computational study reported 
that the free energy of activation for C–H functionalization of 1-methylimidazoles follows the 
order of C4 >> C2 ≥ C5.45 Due to the comparable energy for C2–H and C5–H activation, the 
formation of C2, C5-diarylated imidazoles was commonly observed in the previously reported 
catalytic systems. Interestingly, in all the entries of Table 2.3, C5-mono-arylated imidazole 
was afforded as the predominant product and only negligible amount of C2, C5-diarylated 
product was found. 
Results and Discussion–Chapter 2 
48 
 
Table 2.3. Direct C5-arylation reactions of 1-methyl-imidazole catalyzed by complexes 6–9, 
11–14.a 
 
a Reaction conditions generally not optimized. Reaction conditions: 0.5 mmol aryl halide, 0.75 mmol 
(1.5 equv.) of 1-methylimidazole, 1.25 mol% of dipalladium precatalysts or 2.5 mol% of mono-palladium 
precatalysts, 1.0 mmol (2.0 equv.) of KOAc, DMA (1 mL), 140 oC, 18 h. b GC yields  using naphthalene as 
internal standards in an average of two runs. c With addition of 0.1 mmol (20% equv.) of [N(n-C4H9)4]Br.  
Di-Pd(II) triazolidin-3,5-diylidene complexes are found to be generally superior 
compared to their mono-nuclear equivalents (entries 1–8), which supports a potential 
synergistic effect by the two palladium centers linked by the triazolidin-diylidene ligand. To 
quantify and compare the cooperative effects, the cooperativity index (a) proposed by Jones 
and James46 was calculated using Eqs. 2.1 and 2.2 and listed in Table 2.3. In our cases, AO  
and AP were taken as the yields obtained in the dinuclear and mononuclear systems, 
respectively. The highest index value a = 0.67 obtained from entries 3 and 4 revealed the 
strongest synergistic effect in mixed dicarbene/bis(phosphine) complex all-cis-7. However, 
Entry Catalyst Aryl Halide Yields [%]b cooperativity index 
1 all-trans-6 4-bromoacetophenone 51 0.43 
2 trans-11 4-bromoacetophenone 42 
3 all-cis-7 4-bromoacetophenone 60 0.67 
4 cis-12 4-bromoacetophenone 45 
5 8 4-bromoacetophenone 70 0.37 
6 13 4-bromoacetophenone 59 
7 9 4-bromoacetophenone 72 0.53 
8 cis-14 4-bromoacetophenone 57 
9 8 4-chloroacetophenone 11 – 
10 9 4-chloroacetophenone 2 – 
11c 8 4-chloroacetophenone 32 – 
12c 9 4-chloroacetophenone 20 – 
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the relationship between the cooperativity effect and the ancillary ligands remains to be 
explored in the future. 
 
n
AA P  (Equation 2.1)  
A
AAa PO   (Equation 2.2) 
 
Amongst all the precatalysts, the mixed dicarbene/diphosphine complex 8 and the mixed 
dicarbene/mono-phosphine complex 9 with acetato co-ligands are found to be the best two 
catalytic performers. Nevertheless, when a more challenging substrate 4-chloroacetophenone 
was used, a dramatic decrease of the yield was observed (entry 5 vs. 9, entry 7 vs. 10). The 
yields, however, can be slightly improved by using TBAB as an additive (entries 9–10 vs. 
entries 11–12). Here, complex 8 performs slightly better compared to acetato complex 9 
(entry 11 vs. entry 12). 
Using complex 8 as the best performer, a selection of electronically and sterically varied 
aryl halides as well as hetero-aryl halides were examined in a small substrate scope study. The 
results are summarized in Table 2.4. Moderate yields can be achieved in nearly all the entries. 
Electron-deficient aryl halides seem to be more suitable compared to the electron-rich ones 
(entry 1–3). The S-donor of 2-bromo-thiophene does not undermine the catalytic activity 
(entry 5). The reaction in entry 6 is rather sluggish when the more challenging substrate 2-
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Table 2.4. Direct C5-arylation reactions catalyzed by complex 8.a 
 




2 8   
53 
 3c 8   
42 
 4c 8 
  
35 
 5c 8   
62 
 6c 8 
  
trace 
a  Reaction conditions: 0.5 mmol aryl halide, 0.75 mmol (1.5 equv.) of 1-methyl-imidazole, 1.25 
mol% of 8, 1.0 mmol (2.0 equv.) of KOAc, DMA (1 mL), 140 oC, 18 h. b Isolated yields in an average of 
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Chapter 3. Gold complexes with the 1,3-diisopropylbenzimidazo-
lin-2-ylidene ligand 
 
Most known gold–NHCs including hetero-bis(NHC) complexes reviewed in Chapter 
1.4.1 bear unsaturated imidazolin-2-ylidenes, whereas there are relatively fewer examples of 
gold complexes bearing benzimidazolin-2-ylidenes. The latter include complexes 15, 18, 19 
and 24 (Fig. 3.1), previously reported by Huynh’s group, 47  the scope of which we are 
extending in this chapter. 
 
 
Figure 3.1. Previously reported Au(I) and Au(III) benzimidazolin-2-ylidene complexes. 
 
3.1. Au mono- and homo-bis(NHC) complexes with the 1,3-diisopropyl 
benzimidazolin-2-ylidene ligand 
Although, the synthetic methodologies to obtain gold NHC complexes are nowadays 
well developed, to the best of our knowledge, there is no complete report, which details 
structural, spectroscopic and electrochemical trends of gold NHC complexes in terms of (i) 
common halido ligands (Cl, Br, I), (ii) mono- versus bis(NHC) complexes and (iii) the 
oxidation states of the gold center. Knowledge of such trends may pave the way for further 
gold catalyst design and assist in their characterizations. 
The decision to base our gold complexes on the 1,3-diisopropylbenzimidazolin-2-ylidene 
is twofold: (i) The coordination chemistry of benzimidazolin-2-ylidenes is generally more 
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straightforward due to the presence of only one acidic proton in its salt precursor;48 (ii) The 
two bulky N‒isopropyl substituents will prevent any intermolecular interactions (e.g. 
aurophilic interactions), which may complicate structural and spectroscopic characterization 
and are thus non-desirable in this study. 
3.1.1. Syntheses and characterizations 
Preparation of monocarbene Au(I) and Au(III) complexes. Previously, Huynh et al. 
reported the easy preparation of chlorido-monocarbene complex [AuCl(iPr2-bimy)] (15) by 
the mild Ag-carbene transfer route.47a Complex 15 offers access to a wide range of other 
monocarbene Au complexes. As shown in Scheme 3.1, treatment of 15 with excess LiBr 
afforded the bromido analogue [AuBr(iPr2-bimy)] (16), and the Finkelstein reaction gave the 
iodido complex [AuI(iPr2-bimy)] (17) in very good yields of 79% and 99%, respectively. 
 
Scheme 3.1. Preparation of monocarbene Au(I) and Au(III) complexes. 
 
These salt metathesis reactions make use of the solubility differences of the halide salts 
(LiCl vs. LiBr; NaCl vs. NaI), which root from the distinction of their corresponding lattice 
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energies. All three complexes are white solids and well soluble in polar organic solvents, but 
insoluble in non-polar solvents such as diethyl ether, n-hexane and toluene.  
The 1H NMR spectra of complexes 15–17 in CDCl3 are very similar and show a 
diagnostic multiplet for the isopropyl CH protons in a very narrow range of 5.51–5.48 ppm 
and with essentially the same coupling pattern, which makes them not suitable for 
differentiation of the products. However, their formation can be best verified by 13C NMR 
spectroscopy, which shows increasing downfield shifts of the 13Ccarbene signal from 175.8 
ppm47a (15) < 180.0 ppm (16) < 186.4 ppm (17) highlighting the diagnostic importance of 13C 
NMR spectroscopy for NHC chemistry in general. Furthermore, Baker and coworkers have 
reported a correlation of the 13Ccarbene signal in neutral [AuX(NHC)] complexes with the 
donating ability of the anionic ligand X, whereby a more downfield shift is induced by 
stronger donors.49 In the present case, the donating ability of halido ligands can be ranked in 
the order Cl < Br < I. 
ESI mass spectrometry, on the other hand, is less conclusive, since the isotopic pattern 
for the [Au(iPr2-bimy)2]+ cation is observed at m/z 601 in the spectra of all three species. 
Nevertheless, formation of the three halido-monocarbene complexes can be supported by 
dominant peaks for the dinuclear [2M – X]+ (X = Cl, Br, I) cations at m/z 833 (15),47a 878 (16) 
and 925 (17), respectively. 
The solid state molecular structures of 16 and 17 were obtained by X-ray diffraction 
analysis on single crystals. As expected, they exhibit linear coordination geometries (Fig. 
3.2). The minimal inter-gold distances of 3.744 Å (16) and 7.125 Å (17) exclude any 
aurophilic interactions.50 Complex 16 is isostructural to the known complex 15,47a while 
complex 17 shows a different orientation of one isopropyl N-substituent indicating a certain 
degree of rotational freedom. Comparison of the key bond parameters revealed that Au–
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Ccarbene distances are essentially equal within 3, although the Au–X bond lengths expectedly 
increase in the order Cl < Br < I with increasing size of the anionic ligand. 
 
Figure 3.2. Molecular structures of 16 and 17. Thermal ellipsoids are shown at a 50% 
probability level. Hydrogen atoms have been omitted for clarity. Selected bond lengths [Å] 
and angles [deg]: 16: Au1–C1 1.978(8), Au1–Br1 2.3827(10); C1–Au1–Br1 177.4(2), N2–
C1–N1 106.9(7). 17: Au1–C1 2.003(7), Au1–I1 2.5531(5); C1–Au1–I1 178.37(17), N1–C1–
N2 107.0(5). 
 
Oxidative addition of PhICl2, Br2 and I2 to the three complexes 15–17 straightforwardly 
affords the respective four-coordinated monocarbene Au(III) complexes [AuCl3(iPr2-bimy)] 
(19), [AuBr3(iPr2-bimy)] (20) and [AuI3(iPr2-bimy)] (21) as air- and moisture-stable solids in 
very high yields of >82%. The preparation of the trichlorido complex 19 has been previously 
described by Huynh et al.47b In contrast to their d10 precursors 15–17, the d8 complexes 19–21 
can be differentiated by their colors ranging from yellow (19)47b to orange (20) and finally to 
deep red (21) for the chlorido, bromido and iodido complexes, respectively (vide infra). 
1H NMR spectroscopy confirms the presence of the iPr2-bimy ligand. Interestingly, the 
multiplet due to the isopropyl CH protons show a gradual and significant upfield shift in the 
order 5.51 ppm47b (19) > 5.40 ppm (20) > 5.21 ppm (21). This observation can primarily be 
attributed to the increasing shielding effect of the cis-halido ligands, which correlates to their 
respective sizes. The biggest iodido ligands would exhibit the largest shielding effect, which 
is in line with the NMR spectroscopic observation for complex 21. 
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Upon oxidation, the 13Ccarbene signals show a significant upfield shift of  = ~25–40 
ppm, which is illustrated in Fig. 3.3. with bromido complexes 16 and 20 as representatives. 
These upfield shift are in line with a more Lewis acidic Au(III) metal center.47,51  
 
Figure 3.3. Stacked 13C NMR spectra of bromido complexes 16 and 20. 
 
The same trend triggered by the shielding effects of the cis-halido ligands was observed 
for the 13Ccarbene chemical shifts of the three complexes, which decreases in the order 150.8 
ppm47b (19) > 148.8 ppm (20) > 146.1 ppm (21). Notably, the observed halido dependent 
trend for the 13Ccarbene signals is inversed of that for their linear Au(I) precursors. 
The ESI mass spectra for 20 and 21 show signs of complex hydrolysis. Similar to the 
known trichlorido counterpart 19,47b a dinuclear  species  [Au2Br4(OH)(iPr2-bimy)2]+ was 
generated in the ESI–MS conditions of 20, suggested by the base peak at m/z 1135 observed 
in the positive mode mass spectrum (Fig. 3.4). It appears that the electrospray ionization 
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process involves the dissociation of a bromido ligand from 20 followed by subsequent capture 
of a bridging hydroxido ligand, which gives rise to a dinuclear species. 
 
Figure 3.4. Isotopic pattern of the [Au2Br4(OH)(iPr2-bimy)2]+  fragment in the positive 
ESI mass spectrometry (upper) and simulated pattern (bottom). 
 
The iodido analogue 21 is even more prone to hydrolysis in the gas phase, and capture of 
two hydroxido and two MeOH ligands from the solvent is observed giving rise to the 
[Au2I3(OH)2(iPr2-bimy)2(MeOH)2]+ fragment at m/z 1277. 
Single crystals suitable for X-ray diffraction of complexes 20 and 21 were obtained by 
slow evaporation of concentrated dichloromethane solutions. As expected, the Au(III) 
trihalido complexes feature a square planar coordination geometry (Fig. 3.5), in which the 
Au–X bond lengths increase in the order Cl47b < Br < I, while changes in the Au–Ccarbene 
distances are again insignificant within 3 limits. As expected, the bond lengths of Au1–Br1 
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and Au1–I1 are respectively longer than those of Au1–Br2 and Au1–I2, due to the trans-
influence of iPr2-bimy ligand. 
 
Figure 3.5. Molecular structures of 20 and 21. Thermal ellipsoids are shown at a 50% 
probability level. Hydrogen atoms have been omitted for clarity. Selected bond lengths [Å] 
and angles [deg]: 20: Au1–C1 2.009(5), Au1–Br1 2.4417(6), Au1–Br2 2.4145(5); C1–Au–
Br1 180.000(10), C1–Au1–Br2 87.37(13), Br2–Au1–Br2A 174.73(3), Br2–Au1–Br1 
92.634(13), N1–C1–N1A 109.6(5). 21: Au1–C1 2.034(9), Au1–I1  2.6191(7), Au1–I2 
2.6159(5); C1–Au1–I1 180.0, I2–Au1–I1 92.752(11), I2–Au1–I2A 174.50(2), N1–C1–N1A 
109.4(7). 
 
An interesting feature observed in all three complexes is the bending of the two cis-
halido ligands toward the carbene carbon atom and away from the third halido ligand, which 
results in deviation of the X–Au–X vector from linearity with reduced angles of 174.50(2)–
175.19(7)°. This phenomenon has been observed for Pd(II) derivatives of iPr2-bimy before 
and may be attributed to (i) π-donation of the halido ligands’ lone pairs into the formally 
vacant pπ orbital of the carbene carbon, and/or (ii) electrostatic inter-halido repulsion. Both (i) 
and (ii) are in line with the shielding effect exerted by the cis-halido ligands on the NHC. 
Preparation of bis(carbene) Au(III) complexes. Dihalido-bis(carbene) Au(III) 
complexes of the formula trans-[AuX2(iPr2-bimy)2]BF4 (22–24, X = Cl, Br, I) can be obtained 
by oxidative addition of PhICl2, Br2 and I2 to the known bis(carbene) Au(I) complex [Au(iPr2-
bimy)2]BF4 (18)47a in dichloromethane with excellent yields of >90% (Scheme 3.2).  




Scheme 3.2. Preparation of bis(carbene) Au(III) complexes. 
 
The preparation of the red diiodido complex trans-[AuI2(iPr2-bimy)2]BF4 (24) has 
previously been described by Huynh’s group.47a On the other hand, the chlorido and bromido 
analogues, trans-[AuCl2(iPr2-bimy)2]BF4 (22) and trans-[AuBr2(iPr2-bimy)2]BF4 (23), have 
been isolated as off-white and yellow solids, respectively. 
Similar to the trihalido complexes 19–21, the isopropyl CH protons of 22–24 are 
sensitive to and thus diagnostic for the nature of the cis-halido ligands as corroborated by the 
gradual upfield shifts of their 1H NMR signals from 5.38 ppm (22) > 5.24 ppm (23) > 5.06 
ppm47a (24). All other ligand signals remain largely unaffected by the oxidation. The 13Ccarbene 
signals change most significantly, and upfield shift of  = ~28–37 ppm are noted upon 
oxidation (cf. 187.4 ppm for 18). Again, the same halido trend was observed for these 
resonances, which shift upfield in the order 159.2 ppm (22) > 156.3 ppm (23) > 150.9 ppm47a 
(24) with increasing electron density (i.e. shielding effect) of the respective halido ligand. 
This halido-depending upfield shift was also observed in previous reports by Raubenheimer et 
al., in which imidazole- and thiazole-derived carbene ligands were used.52 Nevertheless, the 
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13Ccarbene signals in 22–24 are still downfield compared to those in the neutral trihalido 
counterparts 19–21 due to the formal replacement of a trans halido ligand with a 2nd stronger 
donating NHC. Interestingly, this would suggest a less Lewis acidic Au(III) center in the 
cationic complexes trans-[AuX2(iPr2-bimy)2]+ (22–24) compared to that in their neutral 




Figure 3.6. Molecular structures of 22·0.67CHCl3 and 23·0.67CH2Cl2. Thermal 
ellipsoids are shown at a 50% probability level. Hydrogen atoms, BF4– anion and the solvent 
molecule have been omitted for clarity. Selected bond lengths [Å] and angles [deg]: 22: Au1–
C1 2.037(5), Au1–C14 2.045(5), Au1–Cl1 2.2648(16), Au1–Cl2 2.2724(14); C1–Au1–C14 
178.46(17), C1–Au1–Cl1 89.64(13), C14–Au1–Cl1 90.18(14), C1–Au1–Cl2 89.92(13), C14–
Au1–Cl2 90.24(14), Cl1–Au1–Cl2 178.98(8), N2–C1–N1 109.0(4), N2–C14–N4 109.2(4). 
23: Au1–C14 2.024(5), Au1–C1 2.033(6), Au1–Br2 2.3837(17),  Au1–Br1 2.3991(17); C14–
Au1–C1 178.4(2), C14–Au1–Br2 89.30(17), C1–Au1–Br2 90.35(18), C14–Au1–Br1 
89.92(17), C1–Au1–Br1 90.42(18), Br2–Au1–Br1 178.98(3). 
 
Comparison of diagnostic NMR spectroscopic data. The most useful diagnostic tool 
for the characterization of this complete series of stable Au–NHC complexes is undoubtedly 
13C NMR spectroscopy. The 13Ccarbene resonance is particularly sensitive to changes in the 
coordination sphere and the oxidation state of the metal center, while other ligand signals 
remain largely unaffected. In addition, the isopropyl CH protons of the unique iPr2-bimy 
carbene ligand can also provide useful information, although this 1H NMR probe is 
significantly less sensitive.  
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Table 3.1 provides a summary of the most relevant chemical shifts. In general, the 
following trends are observed: 
(i) Linear [AuIX(iPr2-bimy)] complexes show a gradual downfield shift of the 13Ccarbene 
signal in the order Cl < Br < I, which correlates to the increasing donor ability of the trans 
halido ligands. 
(ii) Square planar complexes of the type [AuIIIX3(iPr2-bimy)] and trans-[AuIIIX2(iPr2-
bimy)2]BF4 show a gradual upfield shift of the 13Ccarbene signal in the order Cl > Br > I, which 
correlates to the increasing electron density (i.e. shielding effect) of the cis-halido ligands. 
(iii) The 13Ccarbene signals of bis(NHC) AuI/AuIII complexes are generally more downfield 
than those of their mono-NHC counterparts due to a decreased Lewis acidic metal center. 
(iv) A significant upfield shift of the 13Ccarbene signal is observed upon oxidative addition 
to an Au(I) precursor complex, which is due to increased Lewis acidity of the resulting 
Au(III) center. The chemical shift difference () between resulting Au(III) complex and its 
Au(I) precursor increases in the order Cl < Br < I. 
Table 3.1. Comparison of the diagnostic 1H and 13C NMR data in ppm.a 
Complex CH(CH3)2 13Ccarbene ()d 
[AuICl(iPr2-bimy)] (15)e 5.48 175.8
[AuIBr(iPr2-bimy)] (16) 5.49 180.0 
[AuII(iPr2-bimy)] (17) 5.51 186.4 
[AuI(iPr2-bimy)2]BF4 (18)e 5.39 187.4 
[AuIIICl3(iPr2-bimy)] (19)e 5.51 150.8 (25.0) 
[AuIIIBr3(iPr2-bimy)] (20) 5.40 148.8 (31.2) 
[AuIIII3(iPr2-bimy)] (21) 5.21 146.1 (40.3) 
trans-[AuIIICl2(iPr2-bimy)2]BF4 
b
5.38 159.2 (28.2) 
trans-[AuIIIBr2(iPr2-bimy)2]BF4 
b
5.24 156.3 (31.1) 
trans-[AuIIII2(iPr2-bimy)2]BF4 5.06 150.9 (36.5) 
a measured in CDCl3 and referenced to the solvent signal at 77.7 ppm. b measured in DMSO-d6. c 
measured in CD2Cl2. d  is the chemical shift difference to the respective precursor Au(I) complex. e Data 
from previous studies.47 
 
Huynh’s group17,47 and others49,51,53 have observed that an increased Lewis acidity of the 
metal center will result in an upfield 13Ccarbene shift. This agrees well with trend (i), where the 
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chlorido ligand, as the weakest donor, leads to the most Lewis acidic Au(I) center, and thus 
the most upfield iPr2-bimy 13Ccarbene signal. However, the presence of additional cis-standing 
halido ligands in the Au(III) series and the spatial proximity of their electron clouds to the 
iPr2-bimy Ccarbene atoms leads to a predominant shielding effect. 
The fact that the 13Ccarbene chemical shift is sensitive to the Lewis acidity is also reflected 
in trends (iii) and (iv). In the present case, the Lewis acidity of the metal center can be tuned 
by either the number of carbene ligands (mono- vs. bis-NHC) or the oxidation states of the 
metal centers (AuI vs. AuIII). 
Finally, these trends (i–iv) observed for Au complexes are not unique to the iPr2-bimy 
ligand, but can be generalized to other NHC ligands. However, caution must be taken in their 
application, since these trends are only valid for complex series bearing the same NHC ligand. 
 
3.1.2. UV–Vis electronic absorption spectroscopic studies. 
To study the electronic properties of all gold complexes 15–24, ultraviolet-visible 
spectroscopic analysis was performed in dichloromethane. The electronic absorption spectra 
of all complexes described herein exhibit intense absorption at ca. 230–290 nm (Table 3.2). 
These high energy (HE) absorption bands point to –* intraligand (IL) transitions involving 
the iPr2-bimy ligands, due to their similarities with those of carbene precursor salt iPr2-
bimy∙H+Br-30 (f, Table 3.2) in terms of band positions and shapes. 
With exception of complex trans-[AuCl2(iPr2-bimy)2]BF4 (22), well–structured low 
energy (LE) absorption bands above ca. 300 nm are observed in the spectra of all Au(III) 
complexes (19–21, 23, 24, Table 3.2, Fig. 3.7 and 3.8). The absorption maxima (301–405 nm) 
and molar extinction coefficients () in the order of 103 dm3∙mol-1∙cm-1 of these bands are 
found to resemble those of ligand-to-metal-charge-transfer (LMCT) bands in anionic species 
of the type [AuX4]- (X = Cl, Br) thoroughly studied by Mason et al.54 These absorptions were 
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also reported in other Au(III) halido complexes bearing phosphine and imidazolin-2-ylidene 
ligands.55 Thus, the LE absorption bands observed for the Au(III) complexes described herein 
are ascribed to LMCTs from the halido ligands to the Lewis acidic Au(III) centers. These 
LMCT absorption bands falling into the visible light region are responsible for the color 
observed for the corresponding complexes (Table 3.2). 
Table 3.2. UV–Vis spectroscopic dataa and solid color of Au complexes 15–24 and precursor 
salt f. 
Complex abs/nm (/×104 dm3∙mol-1∙cm-1)b Solid Color 
iPr2-bimy∙H+Br- (f) 227 (0.53), 256 (sh, 0.68), 265 (sh, 
0.73), 272 (0.89), 279 (0.82) 
white 
[AuICl(iPr2-bimy)] (15) 225 (sh, 0.91), 234 (1.63), 280 (1.51), 
289 (1.88) 
white 
[AuIBr(iPr2-bimy)] (16) 227 (1.28), 241 (1.46), 274 (sh, 1.14), 
281 (1.93), 289 (2.33) 
white 
[AuII(iPr2-bimy)] (17) 226 (1.73), 254 (0.82), 283 (1.84), 292 
(2.40) 
white 
[AuI(iPr2-bimy)2]BF4 (18) 229 (2.88), 282 (2.75), 290 (3.98) white 
[AuIIICl3(iPr2-bimy)] (19) 228 (2.01), 271 (0.65), 278 (0.71), 301 
(0.43) 
yellow 
[AuIIIBr3(iPr2-bimy)] (20) 237 (5.12), 272 (1.08), 279 (1.21), 351 
(0.45) 
orange 
[AuIIII3(iPr2-bimy)] (21) 228 (1.68), 266 (2.46), 274 (2.40), 283 
(2.26), 292 (sh, 0.96), 405 (0.26) 
deep red 
trans-[AuIIICl2(iPr2-bimy)2]BF4 (22) 228 (2.16), 244 (sh, 1.19), 273(1.55), 
280 (1.73) 
off-white 
trans-[AuIIIBr2(iPr2-bimy)2]BF4 (23) 229 (4.85), 273 (1.87), 280 (0.36), 332 
(0.38) 
yellow 
trans-[AuIIII2(iPr2-bimy)2]BF4 (24) 229 (3.95), 256 (3.57), 274 (2.76), 282 
(3.42), 370 (0.52) 
red 
a Measured in CH2Cl2 solution (concentration 0.05 mM) at 298 K. b LMCT bands are highlighted in bold. 
 
 




Figure 3.7. Electronic absorption spectra of Au(III) trihalido complexes 19–21. 
 
 
Figure 3.8. Electronic absorption spectra of Au(III) bis(NHC) complexes 18, 22–24. 
 
Notably, the LMCT absorption bands are found to be quite sensitive to the nature of the 
halido coligands. In the trihalido series of the general formula [AuX3(iPr2-bimy)] (19–21, X = 
Cl, Br, I), a bathochromic shift from 301 nm (19) to 351 nm (20), and further to 405 nm (21) 
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was observed (Table 3.2, Fig. 3.7). This significant red shift suggests an increasingly facile 
LMCT process, which is attributed to the increasingly higher lying HOMOs constituted by 
halido coligands54,55b (i.e. increasing electron-donating ability) following the order Cl < Br < 
I. This observation was also found in the spectra of Au(III) bis(NHC) complexes of the 
general formula trans-[AuX2(iPr2-bimy)2]BF4 (22–24, X = Cl, Br, I), although the LMCT 
band in the case of chlorido complex 22 has overlapped with HE absorptions below 300 nm 
(Fig. 3.8). 
Interestingly, bis(NHC) complexes trans-[AuX2(iPr2-bimy)2]BF4 (22–24, X = Cl, Br, I) 
all show a hypsochromic shift of the LMCT band in contrast to their respective monocarbene 
counterparts [AuX3(iPr2-bimy)] (19–21, X = Cl, Br, I) (Table 3.2). For example, tribromido 
complex 20 exhibits a LMCT band at 351 nm, which is shifted to 332 nm in the case of 
bis(NHC) complex 23. This blue shift indicates a less favorable LMCT process, which is 
caused by the replacement of the trans-bromido ligand in 20 with a more electron-donating 
iPr2-bimy carbene ligand in 23, thus destabilizing the LUMO mainly located at the Au(III) 
center (i.e. decreasing electron-accepting ability).54,55b 
3.1.3. Electrochemical studies. 
To investigate and compare the redox chemistry of all gold complexes (15–24) described 
herein, cyclic voltammetric analyses were carried out in CH2Cl2 with 0.1 M N(n-Bu)4PF6 as 
supporting electrolyte. The results are summarized in Table 3.3 and  Fig. 3.9–3.13. 
The electrochemical behavior of complex [AuCl(iPr2-bimy)] (15) was first studied by 
using cyclic voltammetry at different scan rates ranging from 25 mV/s to 200 mV/s in a 
potential window of –1.6 V to 0 V (Fig. 3.9). At a lower sweep rate (25 mV/s, dashed line), 
only one irreversible reduction peak denoted as R1 was observed. The potential of –1.04 V 
was found to fall in the range (cf. –0.91 V to –1.16 V) typically observed for the reduction of 
Au(I) to metallic Au(0) in previously reported Au(I)–NHC analogues.56 This one-electron 
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reduction was found to be a diffusion–controlled process, as evidenced by the linear 
relationship of peak current versus square root of scan rates. In addition, at higher scan rates 
up to 200 mV/s, the redox process of Au(I)/Au(0) becomes quasi-reversible and a re-
oxidation wave (O1) emerges. This improved quasi-reversibility at increased sweep rate has 
been reported for other Au(I) NHC systems.57 The diminishment of O1 at lower sweep rate 
(i.e. longer scan time) may indicate a fast diffusion or decomposition of species 
electrogenerated during the R1 process. 
 







O2 (Au0 dissolution;    
X-/0.5 X2) 
[AuICl(iPr2-bimy)] (15) –1.04 – –0.72 1.22
[AuIBr(iPr2-bimy)] (16) –1.08 – –0.73 1.03 
[AuII(iPr2-bimy)] (17) –1.10 – –0.74 0.81, 1.26 
[AuI(iPr2-bimy)2]BF4 (18) –1.04 – –0.77 1.19 
[AuIIICl3(iPr2-bimy)] (19) –1.12 –0.26 –0.83 1.08 
[AuIIIBr3(iPr2-bimy)] (20) –1.16 –0.25 –0.85 0.90 
[AuIIII3(iPr2-bimy)] (21) –1.14 –0.26 –0.83 0.66 
[AuIIICl2(iPr2-bimy)2]BF4 –1.09 –0.12 –0.77 1.15 
[AuIIIBr2(iPr2-bimy)2]BF4 –1.09 –0.08 –0.79 0.97 
[AuIIII2(iPr2-bimy)2]BF4 (24) –1.08 –0.16 –0.79 0.65 
a Measured in CH2Cl2 at a scan rate of 100 mV/s with 0.1 M N(n-Bu)4PF6 as supporting 
electrolyte. 
 
When the potential window was further extended to +1.6 V at a sweep rate of 100 mV/s, 
a more positive anodic peak (O2, 1.22 V) was observed (blue line, Fig. 3.9), which may point 
to the oxidative dissolution of deposited Au(0) on electrode to Au(I) species. This oxidation 
process at comparable potentials was also observed for the previously reported Au(I) 
species.56c,58 However, it should be also noted that another oxidation process of Cl–/0.5Cl2 
cannot be excluded, which has been reported to give a comparable oxidation potential (cf. 
1.36 V).56a, 59  Similar halide oxidation processes can be evidently observed for Au (I) 
counterparts [AuBr(iPr2-bimy)] (16)  and [AuI(iPr2-bimy)] (17) (Fig. 3.10). 




Figure 3.9. Overlaid cyclic voltammograms of 15 at different scan rates (solvent: 
CH2Cl2; supporting electrolyte: 0.1 M N(nBu)4PF6). 
 
Figure 3.10. Overlaid cyclic voltammograms of Au(I) complexes 15–17  (solvent: 
CH2Cl2; scan rate: 100 mV/s; supporting electrolyte: 0.1 M N(nBu)4PF6). 
 
In the voltammograms of complexes 16 and 17, two oxidation waves O3 (1.03 V) and 
O4 (0.81 V) emerges respectively, which are characteristic of Br–/0.5Br2 and I–/0.5I2 
oxidation processes.59 Raubenheimer and Hashmi et al. have shown that in situ 
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electrogenerated halogen will quickly oxidize Au(I) to Au(III) species.56a,60 Indeed, when a 
continuous scan was performed, a reduction process R2 typically observed for Au(III)/Au(I) 
couple emerged, which was illustrated in Fig. 3.11 with Au(I) bromido complex 16 as a 
representative. 
 
Figure 3.11. Cyclic voltammogram of Au(I) bromido complex 16 (solvent: CH2Cl2; 
scan rate: 100 mV/s; supporting electrolyte: 0.1 M N(nBu)4PF6). Dashed line: first cyclic scan; 
Red line: continuous half cyclic scan. 
 
Finally, a comparison of the reduction potentials (R1) for Au(I) halido series of the 
general formula [AuX(iPr2-bimy)] (15–17, X = Cl, Br, I) revealed a slightly cathodic shift 
from –1.04 V (in 15) to –1.08 V (in 16), and further to –1.10 V (in 17) (Table 3.3). This shift 
indicates an increasingly unfavorable reduction process of Au(I)/Au(0) following the order Cl 
< Br < I with the decreasing Lewis acidity of their complexes. 
In addition to the R1 processes, all voltammograms of Au(III) complexes (19–21) 
display additional reduction waves denoted as R2 in a range of –0.08 V to –0.26 V (Table 3.3, 
Fig. 3.12/3.13). These reduction processes are attributed to the two-electron reduction of 
Au(III) complexes to the corresponding Au(I) species (Equations 3.1 and 3.2) and the 
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The Au(III)/Au(I) reduction potential was found to be highly sensitive to the number of 
NHC ligands in the complex. For example, complex [AuCl3(iPr2-bimy)] (19) gave a reduction 
wave at a potential of –0.26 V. The analogous process was significantly shifted to a more 
anodic potential (cf. –0.12 V) in the case of trans-[AuCl2(iPr2-bimy)2]BF4 (22). Interestingly, 
this shift would indicate a more facile Au(III)/Au(I) reduction process in complexes 22–24. In 
addition, no clear trends related to halido ligands were found within both two Au(III) series 
(19–24). 
 
Figure 3.12. Overlaid cyclic voltammograms of Au(III) trihalido complexes 19–21 
(solvent: CH2Cl2; scan rate: 100 mV/s; supporting electrolyte: 0.1 M N(nBu)4PF6).  




Figure 3.13. Overlaid cyclic voltammograms of Au(III) bis-(NHC) complexes 22–24 
(solvent: CH2Cl2; scan rate: 100 mV/s; supporting electrolyte: 0.1 M N(nBu)4PF6).  
 
Notably, for all Au(III) trihalido complexes (19–21), the R1 reduction involving the 
Au(I)/Au(0) redox couple occurs at a more negative cathodic potential compared to that in the 
respective Au(I) monohalido counterparts (15–17) (Table 3.3). This shift indicates a less 
favorable reduction process from electrogenerated Au(I) complexes to metallic Au(0) in 19–
21, which could be rationalized by the inhibition effect caused by an excess of the halide 
anions already released in Au(III)/Au(I) reduction process (Equation 3.1). The same cathodic 
shift was also observed by comparing the Au(I)/Au(0) reduction potentials of Au(III) 
complexes (22–24) with their Au(I) precursor [Au(iPr2-bimy)2]BF4 (18). 
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3.2. Au hetero-(NHC) complexes with the 1,3-diisopropylbenzimidazolin-2-
ylidene ligand 
This subchapter focuses on the gold hetero-(NHC) chemistry, and 1,3-diisopropylbenz-
imidazolin-2-ylidene (iPr2-bimy) will continuously be used as a constant supporting ligand. A 
series of Au(I) hetero-bis(NHC) complexes of the type [Au(iPr2-bimy)(NHC)]BF4 (I, Fig. 
3.14) bearing the fixed spectator iPr2-bimy and various types of additional NHC ligands will 
be described. Furthermore, the Janus-type triazolidin-3,5-diylidene ligand (ditz) studied in 
Chapter 2 will be also included in this subchapter, which forms a new digold hetero-
tetra(NHC) complex  [Au2(iPr2-bimy)2(-ditz)](BF4)2 (II, Fig. 3.14). 
The decision to base my study on the hetero-(NHC) system I/II is twofold. First, as 
reviewed in Chapter 1.4.1, most reported hetero-(NHC) complexes are limited to imidazolin-
2-ylidene ligands. An exploration to other types of NHCs is highly desirable. Second, it was 
previously found that the iPr2-bimy spectator could be employed as a highly sensitive 13C 
NMR spectroscopic probe to determine the net donating ability of a second trans-standing 
NHC ligand in hetero-(NHC) complexes of the type trans-[PdBr2(iPr2-bimy)(NHC)] (III, Fig. 
3.14, see Chapter 1.2.4 for more detailed introduction).17 Au(I) hetero-(NHC) system I/II 
allows a potential extension of this methodology to other metal–NHC system. 
 
Figure 3.14. Au(I) and Pd(II) hetero-(NHC) complexes (anions are omitted for system I/II). 
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3.2.1. Syntheses and characterizations of Au(I) hetero-(NHC) complexes. 
Homo-bis(NHC) Au(I) complexes of the general formula [Au(NHC)2]Y (Y = non-
coordinating anion) can be obtained by reacting a mono-NHC precursor [AuX(NHC)] (X = 
halido ligand) with the respective azolium salts and a base.20a Thus, this method was utilized 
in the initial attempts to synthesize hetero-bis(NHC) complexes of the type 
[Au(NHC)(NHC’)]Y bearing two different NHC ligands.  
 
 
Scheme 3.3. Synthesis of hetero-bis(NHC) complex [Au(iPr2-bimy)(Indy)]BF4 (26). 
 
Hence, the known indazolin-3-ylidene complex H61 was treated with benzimidazolium 
salt iPr2-bimy∙H+BF4– (g) and K2CO3, cleanly affording the hetero-bis(NHC) complex 
[Au(iPr2-bimy)(Indy)]BF4 (26) in a yield of 76% (Indy = 6,7,8,9-tetrahydro-pyridazino[1,2-
a]indazolin-3-ylidene, Scheme 3.3).i 
On the other hand, the known mono-NHC complex 1547a gave product mixtures 
containing the desired hetero-bis(NHC) complex as well as non-negligible amounts of two 
homo-bis(NHC) complexes when treated in a same manner with triazolium (h) or 
benzimidazolium salts (i), as indicated by 1H NMR spectroscopy (Scheme 3.4). It should be 
noted, that such an observation was previously reported by Lin et al (see Chapter 1.4.1 for 
more details).26 
                                                 
i Complex 26 was synthesized by my labmate Sivaram Haresh. However, the description of this complex is not available in 
his master thesis. For a direct and complete comparison with the Au(I) system studied here, a detailed discussion on its 
synthesis and characterization is included in this dissertation.   




Scheme 3.4. Attempts to prepare Au(I) hetero-bis(NHC) complexes. 
 
An alternative approach to Au(I) hetero-bis(NHC) complexes by in situ deprotonation of 
azolium salts using the basic hydroxido complex [Au(OH)(IPr)] (IPr = 1,3-bis(2,6- 
diisopropylphenyl)imidazolin-2-ylidene) was reported by Nolan and co-workers (see Chapter 
1.4.1 for more details).25b However, preparation of an analogous complex [Au(OH)(iPr2-bimy)] 
following the reported methods62 was to no avail. Instead, decomposition was observed as 
indicated by deposition of purple gold on the glass surface of the flask. In contrast to IPr or 
SIPr ligands in the reported analogues,62 the iPr2-bimy ligand is much less bulky, which is 
clearly indicated by the percentage buried volume (%VBur) value of 27.9 for iPr2-bimy vs. 
44.5 for IPr or 47.0 for SIPr (SIPr = 1,3-bis(2,6-diisopropylphenyl)imidazolidin-2-ylidene).13a 
The less sufficient bulkiness of the iPr2-bimy ligand is probably responsible for the fact that it 
is not able to stabilize the highly active Au‒hydroxido moiety. 
As a suitable alternative, mixed NHC–acetato Au(I) complexes were selected. Such 
complexes are known for some time, but their potential use as basic metal precursors to 
hetero-bis(NHC) complexes has not been studied. The chlorido complex [AuCl(iPr2-bimy)] 
(15) was thus treated with one equivalent of AgO2CCH3 in CH2Cl2 following a reported 
method,49 which affords the acetato complex [Au(O2CCH3)(iPr2-bimy)] (25) in a 75% yield 
(Scheme 3.5). Complex 25 is well soluble in halogenated solvents, acetone, DMF and DMSO, 
but insoluble in non–polar solvents such as diethyl ether and hexane. Even in solid form, it is 
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not very stable under aerobic condition as evidenced by the observation of purple gold upon 
exposure to air overnight. The unstable nature of complex 25 is anticipated due to the 
“mismatch” of Au(I) as a “soft” metal center and acetato as a “hard” ligand. However, when 
fully dried, this complex can be kept under inert atmosphere for at least two weeks. 
 
Scheme 3.5. Synthesis of Au(I) acetato complex [Au(O2CCH3)(iPr2-bimy)] (25). 
 
 
The 1H NMR spectrum of complex 25 shows a characteristic multiplet at 5.45 ppm due 
to the isopropyl C–H protons. 13C NMR spectroscopy further supports the formation of 25 by 
a carbenoid signal at 170.2 ppm, which is upfield shifted compared to that in its chlorido 
precursor 15 (cf. 175.8 ppm). This upfield shift is attributed to the decreased σ–donating 
ability of the acetato compared to that of chlorido co–ligand, which in turn results in a more 
Lewis–acidic Au(I) center.49 Furthermore, its ESI mass spectrum shows a dominant peak at 
m/z 601 arising from the cationic [Au(iPr2-bimy)2]+ species. It should be noted, that such 
Au(I) bis-(NHC) cations are typically observed in the ESI mass spectra of Au(I) mono-NHC 
complexes.61  
The identity of complex 25 was unambiguously confirmed by X-ray diffraction. Suitable 
single crystals were obtained by layering a concentrated solution of 25 in CH2Cl2 with hexane 
and storing at 4 C. The molecular structure depicted in Fig. 3.15 confirms the linear 
coordination geometry of the Au(I) center with both iPr2-bimy and acetato ligands bound in a 
monodentate fashion. The Au–C bond length is similar to those observed for Au(I) iPr2-bimy 
complexes 15–17 as described in Chapter 3.1. 




Figure 3.15. Molecular structure of 25. Thermal ellipsoids are shown at a 50% 
probability level. Hydrogen atoms and disordered atoms are omitted for clarity. Selected bond 
lengths [Å]: Au1–C1 1.988(8); N1–C1–N2 108.5(7). Bond lengths and angles related to 
acetato ligand are not given due to the disorder in the crystal. 
 
The potential use of acetato complex 25 as a basic metal precursor for the preparation of 
Au(I) hetero(NHC) complexes was subsequently examined by treatment with a range of 
azolium salts (h–l) with the non–coordinating anions BF4– or PF6– (Scheme 3.6). Under the 
optimal conditions shown in Table 3.4, all desired Au(I) hetero-bis(NHC) complexes 27–31 
could be obtained in high yields. Notably, elevated temperatures were required to facilitate the 
formation of complexes 30 and 31 incorporating the highly bulky IPr ligand. However, 
several attempts to synthesize indazolin-3-ylidene complex 26 (vide supra) by treating 25 
with Indy·H+BF4- were to no avail, due to the lower acidity of the indazolium salt. 
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Table 3.4. Optimal conditions for syntheses of complexes 27–31. 
 
Entry Complex Solvent T (ºC)a t (h) Yield% 
1 
 
CH2Cl2 A.T. 5 80 
2 
 
CH2Cl2 A.T. 24 82 
3 
 
CH2Cl2 A.T. 16 76 
4 
 
acetone 80 48 88 
5 acetone 80 48 86 
a A.T. = ambient temperature. 
 
In addition to monodentate NHC ligands, we extended this newly developed 
methodology to the synthesis of digold complexes bearing the Janus-type dicarbene ligand 
ditz, which palladium chemistry has been presented in Chapter 2. To the best of our 
knowledge, there is only one example of digold triazolidin-diylidene complex, which was 
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recently reported by Peris et al.12i The reaction of 25 with the dicationic salt ditz∙(H+BF4-)2 (c) 
in a 2:1 ratio afforded the Au(I) hetero-tetra(NHC) complex 32 in a moderate yield. 
Alternatively, complex 32 can be synthesized via Ag-carbene transfer route involving the 
chlorido complex 15 as a precursor (Route B, Scheme 3.7).  
All Au(I) hetero-bis(NHC) complexes 26–31 and hetero-tetra(NHC) complex 32 are 
well soluble in common organic solvents with exception of diethyl ether and hexane. 
Scheme 3.7. Synthesis of Au(I) hetero-tetra(NHC) complex 32. 
 
NMR Spectroscopic analyses of Au(I) complexes. All complexes (26–32) were 
subjected to multi-nuclear NMR spectroscopy in CDCl3. Due to their very good solubilities, 
resolution of the 13Ccarbene signals can be generally accomplished with less than 100 scans. The 
isopropyl C–H signals in the common iPr2-bimy spectator and the carbenoid resonance in all 
Au(I) hetero(NHC) complexes described here are summarized in Table 3.5. A recently 
reported pyrazole-derived NHC complex [Au(iPr2-bimy)(FPyr)]PF6 (33)47b (Fpyr = 
1,2,3,4,6,7,8,9-octahydropyridazino-[1,2-a]indazolin-11-ylidene) was included as well for 
comparison. 
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The isopropyl C–H protons of complexes 26–33 exclusively give only one multiplet, 
indicating a free rotation of Au–Ccarbene bonds. Notably, these signals ranging from 4.36–5.42 
ppm are significantly more highfield than those (cf. 5.34–6.44 ppm) in their previously 
reported Pd counterparts of the type trans-[PdBr2(iPr2-bimy)(NHC)].17a This suggests the 
absence of C–H∙∙∙M anagostic (or preagostic) interactions, which are typically observed for 
iPr2-bimy complexes of group 10 metals.30,31 It was also noted that the nature of the non-
coordinating counter-anion has little effect on the 1H and 13C NMR spectra (cf. Table 3.5, 
complexes 30 and 31). In addition, the 1H NMR spectrum of the hetero-tetra(NHC) complex 
32 shows two singlets at 4.31 and 4.13 ppm in a 2:1 integral ratio for the three N–methyl 
groups of diylidene ligand, which indicates a 2-fold symmetry of this molecule. 
 
Table 3.5. Selected NMR spectroscopic data for complexes 26–33 of the type [Au(iPr2-
bimy)(NHC)]X (X = BF4/PF6). 
Complexa H1b [ppm] C1c[ppm] C2c[ppm] 
[Au(iPr2-bimy)(Indy)]BF4 (26) 5.42 190.8 182.4 
[Au(iPr2-bimy)(Bn2-tazy)]BF4 (27) 5.08 186.6 186.7 
[Au(iPr2-bimy)(Bn2-bimy)]BF4 (28) 5.18 187.6 191.5 
[Au(iPr2-bimy)(Bn-btzy)]BF4 (29) 5.25 186.2 214.8 
[Au(iPr2-bimy)(IPr)]BF4 (30) 4.36 186.7 187.3 
[Au(iPr2-bimy)(IPr)]PF6 (31) 4.36 186.7 187.3 
[Au2(iPr2-bimy)2(-ditz)](BF4)2 (32) 5.31 185.6 189.4 
[Au(iPr2-bimy)(FPyr)]PF6 (33)47b 5.33 192.5 179.6 
a iPr2-bimy = 1,3-diisopropylbenzimidazolin-2-ylidene; Indy = 6,7,8,9-tetrahydropyridazino[1,2-
a]indazolin-3-ylidene; Bn2-tazy = 1,4-dibenzyl-1,2,4-triazolin-5-ylidene; Bn2-bimy = 1,3-dibenzyl-
benzimidazolin-2-ylidene; Bn-btzy = 3-benzyl-benzothiazolin-2-ylidene; IPr = 1,3-bis(2,6-
diisopropylphenyl)imidazolin-2-ylidene; ditz = 1,2,4-triazolidin-3,5-di-ylidene; Fpyr = 1,2,3,4,6,7,8,9-
octahydropyridazino[1,2-a]-indazolin-11-ylidene. b H1 refers to the isopropyl C–H signals in the constant 
iPr2-bimy ligands. c C1 refers to the carbenoid signal of the spectator ligand iPr2-bimy and C2 refers to the 
carbenoid signal of the NHC trans to iPr2-bimy ligand. 13C NMR spectroscopy are measured in CDCl3 and 
internally referenced to the solvent signal at 77.7 ppm relative to TMS. 
 
Results and Discussion–Chapter 3 
78 
 
As expected, the 13C NMR spectra of 26–33 all display two carbenoid resonances in the 
downfield regions, which fall in a wide range from 182.4–214.8 ppm. It was found that the 
constant iPr2-bimy ligand in complexes 26–33 could be employed as a 13C NMR 
spectroscopic probe to determine the donor strength of the trans-standing second NHC, 

















N N N N
PhC signal of iPr -bimy [ppm]
 
Figure 3.16. Donor abilities of NHCs on the 13C NMR scale. 
 
Among the NHCs investigated herein, the weakest triazolidin-diylidene (ditz) ligand in 
complex 32 leads to the most upfield iPr2-bimy carbenoid signal, while the strongest 
pyrazole–derived ligand (FPyr) in complex 33 gives rise to most downfield iPr2-bimy carbene 
signal (Fig. 3.16). Remarkably, these 13C NMR values nicely correlate to those found in their 
Pd(II) counterparts (vide infra). 
Ligand redistribution of Au(I) hetero(NHC) complexes. During the syntheses of 
complexes 27–29 and 32 it was observed that prolonging the reaction time beyond the 
tabulated value (Table 3.4) generally favored ligand redistribution processes, which are 
irreversible and led to the generation of homo-bis(NHC) complexes as side products. This 
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process can be monitored by 1H NMR spectroscopy and is demonstrated for complex 28 as a 
representative in Fig. 3.17. 
 
Figure 3.17. Time-dependent 1H NMR spectra showing the ligand redistribution of complex 
28 in CDCl3. 
 
Scheme 3.8. Ligand redistribution of hetero-bis(NHC) complex 28. 
 
While initially only signals due to the hetero-bis(NHC) complex 28 are present, new 
signals due to the homoleptic bis(carbene) complexes 34 and 18 (Scheme 3.8) start evolving 
with time. In addition, signals due to the azolium salts iPr2-bimy∙H+BF4– (g) and Bn2-
bimy∙H+BF4– (i) are also observed with time, supposedly due to hydrolysis of free carbenes, 
which may point to a dissociative pathway. Interestingly, signals of the monocarbene 
complexes [AuCl(Bn2-bimy)] and [AuCl(iPr2-bimy)] (15) are also present. The latter two are 
formed by capture of chlorido ligands present in the chlorinated solvent. 
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Notably, the rearrangement for the dinuclear complex 32 bearing a triazolidin-diylidene 
bridge is markedly faster than that for mononuclear hetero-bis(NHC) analogues. Within 1 h, a 
white precipitate formed from its CDCl3 solution, which is insoluble in common organic 
solvents thus hampering further characterization. This supposedly polymeric/oligomeric 
complex 35 (Scheme 3.9) further decomposes to purple gold upon prolonged standing. 
 
 
Scheme 3.9. Ligand redistribution of hetero-tetra(NHC) complex 32. 
 
Similar ligand redistribution processes in solution have been observed for complexes of 
the type [Au(X)(NHC)] (X = anionic ligand) and [Au(NHC)(PPh3)]CF3SO3.25a,52b,63 However, 
to the best of our knowledge, these are the first reports on the ligand redistribution of Au(I) 
hetero-bis- or hetero-tetra(NHC) complexes. The process is likely to be triggered by the 
presence of two or more different carbene ligands with different donating abilities and trans 
influences resulting in Au–Ccarbene bonds of different strengths. The thermodynamically stable 
rearrangement products, on the other hand, are homoleptic complexes with only one type of 
Au–Ccarbene bonds of the same strength, rendering them more stable than their kinetically 
controlled heteroleptic counterparts. The presence of azolium salts as hydrolysis products of 
free NHCs may point to a dissociative rearrangement pathway involving de- and re-
coordination of carbene ligands (Fig. 3.17). However, the nature of this redistribution process 
remains to be explored in the future. 
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Finally, it should be noted that the redistribution process is slower compared to the time 
required for the acquisition of 13C NMR spectra, and thus pose no problem in the detection of 
the respective 13Ccarbene signals for all Au(I) hetero-(carbene) complexes described here. 
Interestingly, for complexes 26, 30, 31 and 33, such ligand redistributions were not 
observed. Non-classical indazole-derived carbene (Indy) in 26 and pyrazole-derived carbene 
(FPyr) in 33 are known to be the strongest carbene donors studied here (Fig. 3.16). The 
increased electron density in these two complexes may result in stronger Au–carbene bonds 
due to enhanced π-back donation, which are non-negligible in d10 complexes, hindering 
further ligand redistribution. 
For complexes 30 and 31, electronic factors certainly do not play a major role, since 
these complexes contain the very bulky IPr ligand. Apparently, the formation of the cationic 
[Au(IPr)2]+ species is disfavored due to sterical factors, and the hetero-bis(NHC) complexes 
remain stable. 
X-ray diffraction study of Au(I) complexes. Single crystals of the hetero-bis(NHC) 
complexes 26, 27 and 31 suitable for X-ray diffraction analyses were obtained by slow 
evaporation of the solvent from concentrated CH2Cl2/hexane solutions of the complexes. On 
the other hand, attempted crystallization of hetero-bis(NHC) complex [Au(iPr2-bimy)(Bn2-
bimy)]BF4 (28) from a concentrated CH2Cl2/hexane solution afforded crystals of the 
homoleptic bis(NHC) complex [Au(Bn2-bimy)2]BF4 (34) (Bn2-bimy = 1,3-
dibenzylbenzimidazolin-2-ylidene) due to the aforementioned redistribution processes (vide 
supra). 
In the molecular structures of 26, 27 and 31 depicted in Fig. 3.18, the iPr2-bimy and the 
second carbene ligand adopt a linear arrangement about the Au(I) center with C–Au–C bond 
angles close to 180°. The two carbene planes are twisted by angles of 8.43° (26), 43.97° (27) 
and 10.74° (31), respectively. The Au–C(iPr2-bimy) bond lengths of 2.015(5) Å–2.035(5) Å 
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are comparable to those in Au(I) homo-bis(iPr2-bimy) complexes.47a The N–dipp (dipp = 2,6-
diisopropylphenyl) substituents of IPr ligand in 31 are oriented perpendicularly to the 
imidazole-based carbene ring, which is typically observed in Au–IPr complexes.25b On the 
other hand, the molecular structure of 34 reveals an Au(I) center coordinated by two Bn2-
bimy ligands in a linear arrangement. The two carbene ligands are related to each other by a 
crystallographic inversion center and are thus coplanar with their benzyl substituents pointing 
to opposite directions to reduce the steric hindrance. It should finally be noted, that no 
aurophilic interactions50 were observed in any of the molecular structures probably due to the 
steric bulk of the NHC ligands. 
 
Figure 3.18. Molecular structures of 26, 27, 31 and 34. Thermal ellipsoids are shown at 
a 50% probability level. Hydrogen atoms and counter anions are omitted for clarity. Selected 
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bond lengths [Å] and angles [deg] for complex 26: Au1–C14 2.025(5), Au1–C1 2.035(5); 
C14–Au1–C1 178.51(19), N2–C1–N1 107.2(4), N3–C14–C15 104.8(4). 27: Au1–C14 
1.995(4), Au1–C1 2.021(4); C14–Au1–C1 176.93(15), N2–C1–N1 107.2(3), N4–C14–N3 
101.8(3). 31: Au1–C14 1.996(5), Au1–C1 2.015(5); C14–Au1–C1 176.1(2), N2–C1–N1 
107.8(5), N4–C14–N3 103.9(4). 34: Au1–C1 2.022(2); C1–Au1–C1A 180.00(13), N1–C1–
N2 106.59(17). 
3.2.2. Syntheses and characterizations of Au(III) hetero-(NHC) complexes. 
As discussed above, complexes 28 and 32 readily undergo ligand redistribution in 
solution upon standing, which hampers their crystallization. To provide a more conclusive 
evidence for their formation, they were subjected to oxidative addition using a slight excess of 
PhICl2 in an attempt to form their Au(III) derivatives (Scheme 3.10). 
 
 
Scheme 3.10. Syntheses of Au(III) hetero-(NHC)complexes 36 and 37. 
 
Indeed these reactions gave the respective hetero-bis(NHC) and hetero-tetra(NHC) 
complexes trans-[AuCl2(iPr2-bimy)(Bn2-bimy)]BF4 (36) and all-trans-[Au2Cl4(iPr2-bimy)2(-
ditz)](BF4)2 (37) in good yields. They are soluble in CH2Cl2 and DMSO, but less soluble in 
CHCl3 and insoluble in non–polar solvents like diethyl ether and hexane. In their ESI mass 
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spectra, base peaks were found at m/z 769 and m/z 526 arising from the cationic and dicationic 
species [36 – BF4]+ and [37 – 2BF4]2+, respectively. Their 1H NMR spectra recorded in 
CD2Cl2 show the isopropyl C–H protons of the iPr2-bimy ligand as a multiplet at 4.49 (36) 
and 5.38 ppm (37) suggesting rotational freedom of the Au–C(iPr2-bimy) bonds albeit the 
coordination of the additional two chlorido co-ligands. Notably, all 13Ccarbene NMR signals of 
complexes 36 and 37 found at 153.4–168.6 ppm show significant upfield shifts (C = 20.7–
32.1 ppm) compared to those in their respective Au(I) precursor complexes 28 and 32.  
The formation of complexes 36 and 37 was unambiguously confirmed by X-ray 
diffraction study on the single crystals obtained by slow evaporation of the solvents from 
concentrated solutions of 36 and 37 in CH2Cl2/hexane. The molecular structures are depicted 
in Fig. 3.19, respectively. As expected, in both cases the Au(III) center adopts a square planar 
coordination geometry with two chlorido ligands in trans arrangement. In complex 37, the 
distance between the two Au centers is 6.117 Å, which is longer than that in the known digold 
triazolidin-diylidene complex [(AuCl)2(-ditz’)] (cf. 6.02 Å, ditz’ = 1,2-dimethyl-4-ethyl-
triazolidin-3,5-diylidene).12i 




Figure 3.19. Molecular structures of 36 and 37·2CH2Cl2. Thermal ellipsoids are shown 
at a 50% probability level. Hydrogen atoms and counter anions are omitted for clarity. 
Selected bond lengths [Å] and angles [deg] for complex 36: Au1–C1 2.042(3), Au1–C14 
2.046(3), Au1–Cl1 2.2745(8), Au1–Cl2 2.2790(8); C1–Au1–C14 175.78(12), C1–Au1–Cl1, 
87.17(9), C14–Au1–Cl1 90.41(9), C1–Au1–Cl2 92.36(9), C14–Au1–Cl2, 90.11(9), Cl1–
Au1–Cl2 178.97(3). 37: Au1–C1 2.031(8), Au1–C14 2.056(7), Au1–Cl2 2.277(2), Au1–Cl1 
2.280(2), Au2–C19 2.030(9), Au2–C15 2.061(8), Au2–Cl4 2.281(2), Au2–Cl3 2.283(2); C1–
Au1–C14 177.2(3), C1–Au1–Cl2 89.9(2), C14–Au1–Cl2 91.2(2), C1–Au1–Cl1 89.5(2), C14–
Au1–Cl1 89.4(2), Cl2–Au1–Cl1 177.62(8), C19–Au2–C15 175.8(3), C19–Au2–Cl4 89.7(3), 
C15–Au2–Cl4 94.1(2), C19–Au2–Cl3 87.6(2), C15–Au2–Cl3 88.6(2), Cl4–Au2–Cl3 
177.27(8). 
 
Notably and unlike their Au(I) precursors 28 and 32, Au(III) complexes 36 and 37 are 
much more stable, and no ligand redistribution in CH2Cl2 solutions were observed even on 
standing for a couple of days. The increased Lewis acidity of Au(III) versus Au(I) would 
probably lead to stronger Au(III)-NHC bonds stabilizing the Au(III) hetero-(NHC) complexes, 
and thus hamper the ligand redistribution process. 
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3.2.3. Syntheses and characterizations of Pd(II) hetero-(NHC) counterparts. 
Previously, Huynh’s group evaluated the donating abilities of various types of NHCs by 
comparing the 13Ccarbene(iPr2-bimy) chemical shifts in hetero-bis(NHC) complexes of the type 
trans-[PdBr2(iPr2-bimy)(NHC)] (see Chapter 1.2.4 for more detailed introduction). With the 
aim of a more detailed comparison with all Au(I) hetero-(NHC) analogous complexes 
described above, three new Pd(II) hetero-bis(NHC) complexes trans-[PdBr2(iPr2-bimy)(Indy)] 
(26’), trans-[PdBr2(iPr2-bimy)(Bn-btzy)] (29’), and trans-[PdBr2(iPr2-bimy)(FPyr)] (33’) were 
synthesized following a straightforward Ag-carbene transfer protocol (Scheme 3.11).ii  
Complexes 26’ and 33’ could be afforded by a one-pot bridge-cleavage reaction 
involving the dimeric complex [PdBr2(iPr2-bimy)]2 (I), Ag2O and the corresponding azolium 
salts Indy·H+Br- (m) /FPyr·H+Br- (n). However, in the case of the 3-benzylbenzothiazolin-2-
ylidene complex trans-[PdBr2(iPr2-bimy)(Bn-btzy)] (29’), this transmetalation approach was 
unsuccessful, and instead led to ring opening of the benzothiazolium salt. Thus, the ‘inverse’ 
bridge-cleavage reaction of the previously reported dimeric complex [PdBr2(Bn-btzy)]2 (J)64 
using benzimidazolium salt iPr2-bimy∙H+Br– (f) was attempted, which gave the desired 
complex 29’ in a good yield. 
                                                 
ii Complexes 26’, 29’ and 33’ were synthesized by my labmates Sivaram Haresh (26’, 33’) and Yuan Dan (29’). 
The synthesis and characterization of complex 26’ has been described in the thesis of Sivaram Haresh. For this, 
see:  Sivaram, H. “Organometallic Chemistry of Gold, Palladium and Iridium Complexes Bearing N-
Heterocyclic and/or Acyclic Diamino Carbenes”. Master’s Thesis, National University of Singapore, 2013. 
However, the descriptions for complexes 29’ and 33’ are not available in their master/PhD dissertations. Thus, 
for a direct and complete comparison with the Au(I) system studied here, a detailed discussion on their syntheses 
and characterizations is included in this dissertation.  
 




Scheme 3.11. Syntheses of Pd(II) hetero-bis(NHC) complexes 26’, 29’ and 33’. 
 
Complexes 26’, 29’ and 33’ were isolated in good yields as yellow solids, which are 
soluble in most organic solvents with the exception of nonpolar ones, such as diethyl ether 
and n-hexane. In all three cases, their formation was supported by ESI mass spectra, where a 
base peak corresponding to the [M − Br]+ fragment was observed. In contrast to the 
aforementioned Au(I) analogues 26, 29, and 33, the 1H NMR spectra of 26’, 29’ and 33’ all 
display two multiplets due to the two inequivalent iPr2-bimy isopropyl C−H protons, 
suggesting a hindered rotation of Pd−Ccarbene bonds. In their 13C NMR spectra, two Ccarbene 
signals are observed as expected. The iPr2-bimy carbenoid 13C signals are found at 181.4 ppm 
(26’), 176.4 ppm (29’) and 184.0 ppm (33’), respectively. 
In comparison to the donor strengths of other carbene ligands previously determined on 
the Pd(II) 13C NMR spectroscopic scale17 (Fig. 3.20), pyrazole-derived FPyr in 33’ and 
indazole-derived Indy in 26’ prove to be stronger donors than the classical NHC ligands Bn2-
imy and Bn2-bimy (Fig. 3.20). The donating ability of the alicyclic FPyr ligand is even 
stronger than that of 1,2-diethylpyrazolin-3-ylidene (Pyry), which could be rationalized by the 
greater +I effect of two alicyclic moieties in FPyr versus only two ethyl substituents in Pyry. 
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In addition, the donating ability of alicyclic indazolin-3-ylidene (Indy) is found to be close to 
those of the diethyl analogue Et2-Indy and 1,2,3-triazolin-5-ylidene atazy. Finally, the 
benzothiazole-derived ligand Bn-btzy in 29’ turns out to a be relatively weaker donor 
comparable to a 1,2,4-triazolin-5-ylidine ligand Bn2-tazy. 
 
Figure 3.20. Donor abilities of NHCs on the 13C NMR scale. 
 
3.2.4. Au(I)/Pd(II) correlation of 13Ccarbene(iPr2-bimy) signals. 
The iPr2-bimy carbenoid NMR signals in both [Au(iPr2-bimy)(NHC)]BF4/PF6 and 
trans-[PdBr2(iPr2-bimy)(NHC)] hetero-NHC complexes were found to be good indicators for 
the donor strengths of the trans-standing NHC ligands, whereby stronger donating ligands 
would lead to a more downfield shift. A direct comparison between the iPr2-bimy carbenoid 
signals in Au(I) complexes 26–33 and their Pd(II) analogues 26’–33’ is summarized in Table 
3.6. Notably, the 13Ccarbene signals of iPr2-bimy in the Au(I) systems are generally more 
downfield (C = ~10 ppm) compared to those in their corresponding Pd(II) analogues (Table 
3.6), which again reflects a more Lewis acidic metal center in the latter. In addition, the 
13Ccarbene (iPr2-bimy) values in Au(I) complexes fall in a narrower region compared to those in 
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Pd(II) analogues, which may suggest a reduced resolution of the Au(I) system with respect to 
donor strength evaluation of trans-standing NHC ligands. 
 
Table 3.6. Selected NMR data of Au(I) hetero-(NHC) complexes (26–33) and Pd(II) 
analogues (26’–33’). 
 
                 
 
Entry Comp. Ccarbene (Au)a [ppm] Comp. Ccarbene (Pd)a [ppm] NHC
1  33b 192.5 33’ 184.0 FPyr
2 26 190.8 26’ 181.4 Indy 
3 28 187.6 28’b 178.3 Bn2-bimy 
4 30 186.7 30’/31’b 177.5 IPr 5 31 186.7 
6 27 186.6  27’b 176.6 Bn2-tazy 
7 29 186.2 29’ 176.4 Bn-btzy 
8 32 185.6  32’c 175.2 ditz 
a measured in CDCl3 and internally referenced to the solvent residual signal at 77.7 ppm relative to TMS; 
b values are from a previous study;17a,47b c Complex 32’ is equal to all-trans-2 described in Chapter 2.2.1. 
 
 
As introduced in Chapter 1.2.4, donating capacities of NHC ligands are also known to be 
evaluated by Tolman’s electronic parameter (TEP) and the correlation of TEP values between 
different metal systems {Ni(0), Ir(I), Rh(I)} has been established. To examine how our 
13Ccarbene(iPr2-bimy) based electronic parameter correlates between Pd(II) and Au(I) systems 
described herein, the data sets in Table 3.6 were subjected to linear regression, and the 
resulting graphical presentation is shown in Fig. 3.21. Notably, a regression coefficient R2 = 
0.98 was obtained, which clearly indicates a very good linear correlation between the 
Ccarbene(iPr2-bimy) values of these two metal systems. This further supports that iPr2-bimy 
carbenoid signals in [Au(iPr2-bimy)(NHC)]BF4/PF6 and trans-[PdBr2(iPr2-bimy)(NHC)] could 
both reliably be employed as an electronic parameter for NHC ligands. Inter-conversion 
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between the Au(I) and Pd(II) systems can be easily achieved by applying the Equation 3.1, 
where [Pd] and [Au] are the 13Ccarbene(iPr2-bimy) chemical shifts values in ppm. 
 
 
Figure 3.21. Correlation of the Ccarbene(iPr2-bimy) NMR values of [Au(iPr2-bimy)(NHC)] 
BF4/PF6 and trans-[PdBr2(iPr2-bimy)(NHC)] complexes.  
 
 
The introduction of Au(I) as an alternative metal center increases the versatility of future 
complex probes syntheses, which further broadens the scope of 13C NMR based electronic 
parameter developed by Huynh’s group. Finally, it should be noted that the solubility of Au(I) 
hetero-(NHC) complexes in CDCl3 is significantly better than that of their Pd(II) congeners. 
This advantage will allow a much faster detection of the iPr2-bimy 13C NMR signals, which 
can generally be accomplished in less than 100 scans. 
 
 




Chapter 4. Heteroleptic bis(NHC) and NHC/phosphine mixed 
complexes of copper. 
 
This chapter focuses on Cu(I) heteroleptic complexes incorporating NHC ligands. From 
a standpoint of structural diversity, 2-coordinated Cu(I) hetero-bis(NHC) complexes invoking 
two different carbene ligands are largely unexplored (see Chapter 1.4.2 for a more detailed 
introduction). In addition, previous investigations on Cu(I) hetero-bis(NHC)s have also 
revealed their superiority over the mono- and homo-bis(NHC) counterparts in a couple of 
catalytic applications.28 Hence, a series of Cu(I) heteroleptic bis(NHC) complexes have been 
synthesized. Furthermore, NHCs are known to be substitutes of phosphines in terms of 
donating abilities, and the latter were also employed as the ancillary ligands as an extension. 
Lastly, it should be noted, that the carbene chemistry of Cu is generally less 
straightforward compared to that of group 11 congeners Au and Ag. To stabilize the Cu center, 
the highly bulky IPr (IPr = 1,3-bis(2,6-diisopropylphenyl)-imidazolin-2-ylidene) was chosen 
as the spectator ligand in the study described herein. 
4.1. Syntheses and characterizations of Cu(I) hetero-bis(NHC) complexes. 
As shown in Chapter 3.2.1, Au(I) hetero-bis(NHC) complexes of the general formula 
[Au(NHC)(NHC’)]Y (Y = non-coordinating anion) can be synthesized by reacting a mono-
NHC precursor [AuX(NHC)] (X = halido ligand) with the suitable azolium salts and a base. 
However, it should also be noted, that in a few cases, this protocol led to the formation of 
Au(I) homo-bis(NHC) complexes of the formulae [Au(NHC)2]Y and [Au(NHC’)2]Y. 
Nevertheless and as an initial attempt, this convenient route was tested for the 
preparation of hetero-bis(NHC) congeners of Cu(I). The mono-NHC precursor [CuCl(IPr)] (K) 
was prepared via a modified procedure involving direct cupration of the respective salt 
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precursor IPr·H+Cl- (o) with Cu2O (Scheme 4.1).65 When complex K was treated with the 
azolium salts Bn2-imy·H+PF6- (p) and iPr2-bimy·H+PF6- (q) in the presence of K2CO3 in 
acetone, heteroleptic bis(NHC) complexes [Cu(Bn2-imy)(IPr)]PF6 (38) and [Cu(IPr)(iPr2-
bimy)]PF6 (39) can be cleanly obtained in high yields of 90% and 85%, respectively (Bn2-imy 
= 1,3-dibenzylimidazolin-2-ylidene, iPr2-bimy = 1,3-diisopropylbenzimidazolin-2-ylidene). 
Gratifyingly, no homo-bis(NHC) side-products was observed (vide supra). As discussed in 
Chapter 3.2.1, the ligand redistribution process leading to the formation of homo-bis(NHC) 
complexes is likely to be hampered by the presence of the bulky IPr ligand. Finally, this 
synthetic protocol is well applicable to classical NHCs and can be carried out under aerobic 
condition in wet acetone with little decomposition. 
 Scheme 4.1. Syntheses of Cu(I) heteroleptic bis(NHC) complexes 38 and 39. 
 
 
However, the same protocol failed in the attempt to incorporate the nonclassical carbene 
ligand Indy (Indy = 6,7,8,9-tetrahydropyridazino[1,2-a]indazolin-3-ylidene). The failure of 
this cupration reaction should result from the relatively weak acidity of the indazolium salt 
Indy·H+PF6– (r), which renders K2CO3 insufficiently basic for its deprotonation. In view of 




this, a stronger base KOtBu was examined (Scheme 4.2, Route A), and this reaction 




Scheme 4.2. Synthesis of Cu(I) heteroleptic bis(NHC) complex 40. 
 
Nevertheless, inert conditions are required for the reaction employing KOtBu as the base. 
Thus, to seek for a more “user-friendly” protocol, we opted for the Ag-carbene transfer route, 
which was previously used to synthesize indazolin-3-ylidene complexes of Pd(II), Au(I) and 
Rh(I).47b,66 The Ag–carbene intermediate, formed by the reaction of azolium salt Indy·H+Br- 
(m) and Ag2O, was treated with the known acetonitrile adduct [Cu(CH3CN)(IPr)]PF6 (L)67 
(Scheme 4.2, Route B), which also yielded hetero-bis(NHC) complex 40 in a decent yield. To 
the best of our knowledge, this is the first example employing the Ag-carbene transmetalation 
protocol for the synthesis of Cu(I) hetero-bis(NHC) complexes. 
Complexes 38–40 were isolated as white solids, which are readily soluble in CH2Cl2, 
acetone, and DMSO, but sparingly soluble in ethyl acetate and insoluble in non-polar solvents 
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such as diethyl ether and n-hexane. Their formation is supported by ESI mass spectrometry, 
where dominant peaks are observed at m/z 699 (38), 653 (39) and 623 (40) for the respective 
cationic [M – PF6]+ species. 
In general, the 1H NMR signals of the IPr ligand in all new hetero-bis(NHC) complexes 
resemble those observed for precursor K (Table 4.1). The benzylic protons of the Bn2-imy 
ligand in 38 give rise to a singlet at 4.53 ppm, which shows a significant upfield shift in 
contrast to that in its precursor salt p (cf. 5.31 ppm). Similar upfield shifts were also observed 
for the iPr2-bimy NCH protons in 39 and the Indy methylene protons in 40, which are likely to 
result from the shielding effect exerted by IPr phenyl rings on the respective protons of the 2nd 
carbene ligand.68 
 
Table 4.1. Selected NMR data of Cu(I) NHC complexes K, 38−40. 
Complex δH1a δH2a (ppm) δC1b (ppm) δC2b (ppm) 
[CuCl(IPr)] (K)65 2.55 — 180.5 — 
[Cu(IPr)(Bn2-imy)]PF6 (38)c 2.56 4.53 180.3 176.2 
[Cu(IPr)(iPr2-bimy)]PF6 
(39)
2.59 3.95 179.3 178.7 
[Cu(IPr)(Indy)]PF6 (40) 2.58 4.09, 3.56, 2.19, 1.89 180.8 176.6 
aδH1 refers to the signals due to isopropyl C−H protons in IPr ligand, and δH2 refers to the signals due to 
benzylic (38), NCH (39), and methylene (40) protons in the 2nd carbene ligand. b δC1 refers to the carbene 
signal of IPr ligand, and δC2 refers to the carbene signal of the 2nd NHC ligand. 13C NMR spectra were 
measured in CDCl3 and internally referenced to the solvent signal at 77.7 ppm relative to TMS. c in CD3CN. 
 
In the 13C NMR spectra of hetero-bis(NHC) complexes 38−40, two carbene carbon 
signals are observed as expected. These downfield resonances fall in a narrow region (176.2–
180.8 ppm), and all of them can be unequivocally assigned by HMBC spectroscopic analyses, 
which is illustrated in Fig. 4.1 with complex 38 as a representative. The 1H NMR signal (H= 
7.54 ppm) due to the imidazole CH protons of IPr ligand is found to correlate to the more 
downfield carbenoid resonance (C= 180.3 ppm). Additionally, the Ccarbene atom resonating at 
176.2 ppm is also observed to connect with i) the imidazole CH protons (H= 6.90 ppm) and 




ii) the benzylic protons (H= 4.53 ppm) of Bn2-imy ligand. Hence, the carbene signals at 
176.2 and 180.3 ppm are assigned to the Bn2-imy and IPr carbene donor, respectively.  
 
Figure 4.1. Section of the HMBC spectrum of 38 in CD3CN. 
 
A closer inspection of the IPr 13Ccarbene signals among 38–40 revealed that these 
resonances do not correlate with the donating ability of the 2nd NHC ligand, again possibly 
due to the shielding effect of the N–aryl substituents. This is in contrast to the Pd(II) system 
trans-[PdBr2(iPr2-bimy)(NHC)] previously reported by Huynh’ group and Au(I) system 
[Au(iPr2-bimy)(NHC)]BF4/PF6 discussed in Chapter 3.2, where a very good “donor 
strength/13Ccarbene signal” correlation was observed when the iPr2-bimy ligand was employed 
as the diagnostic probe instead. 




Figure 4.2. Molecular structures of 38, 39 and 40∙CHCl3. Thermal ellipsoids are shown at a 
50% probability level. With the exception of Bn2-imy CH2 (38), iPr2-bimy NCH (39), Indy 
CH2 (40) protons, all hydrogen atoms, PF6– anions and solvent molecules have been omitted 
for clarity. Selected bond lengths (Å) and bond angles (deg) for 38: Cu1–C1 1.887(4), Cu1–
C10 1.887(3); C10–Cu1–C1 180.00(10), N1–C1–N1A 104.0(3), N2–C10–N2A 103.9(3). 39: 
Cu1–C14 1.899(8), Cu1–C1 1.910(8); C14–Cu1–C1 175.7(4), N1–C1–N2 106.3(6), N3–
C14–N4 104.2(7). 40: Cu1–C28 1.895(5), Cu1–C1 1.907(5); C28–Cu1–C1 176.5(2), N2–C1–
N1 103.9(4), N3–C28–C29 103.9(4). 
 
Single crystals of 38–40 suitable for X-ray diffraction studies were obtained by either 
slow evaporation of the solvent from a concentrated CH2Cl2/hexane solution (38) or vapor 
diffusion of Et2O into a concentrated CHCl3 solution (39 and 40). The molecular structures 
are shown in Fig. 4.2. The complexes 38–40 contain essentially linear Cu(I) centers, each of 




which is coordinated by one IPr ligand and a 2nd carbene ligand. The Cu–Ccarbene bond lengths 
of 38–40 are essentially equal within 3 limits and comparable with values reported for other 
Cu(I) bis(NHC) analogues.28a The N–isopropyl substituents of complex 39 adopt an anti 
arrangement, which suggests a certain degree of rotational freedom around the N–iPr bond. 
The two carbene planes in each complex are twisted out of coplanarity with dihedral angles of 
18.62° (38), 10.37° (39), and 17.50° (40). Finally, it should be noted that the Bn2-imy 
benzylic protons in 38, iPr2-bimy NCH protons in 39, and Indy methylene protons in 40 are all 
located in the shielding zone of the IPr phenyl rings, which leads to the aforementioned 
upfield shift of their 1H NMR resonances (vide supra). 
 
4.2. Syntheses and characterizations of Cu(I) mixed NHC/phosphine 
complexes. 
In further extending the scope of cationic heteroleptic Cu(I) complexes, phosphines and 
diphosphines were explored as neutral and strongly donating co-ligands. A one-pot reaction 
involving chlorido precursor K, PPh3, and excessive KPF6 in acetone afforded the heteroleptic 




Scheme 4.3. Synthesis of heteroleptic complex 41. 
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Complex 41 was isolated as white solid, which is readily soluble in common organic 
solvents with the exception of less polar ones, such as ethyl acetate, diethyl ether and n-
hexane. The first evidence for its formation was provided by ESI mass spectrometry, which 
shows a base peak at m/z 713 assignable to the cationic species [M – PF6]+.  
The 1H NMR spectrum of 41 in CDCl3 shows additional aromatic signals due to the 
newly introduced PPh3 ligand in addition to those for the IPr ligand. Coordination of the 
phosphine ligand is further supported by a singlet observed at 8.8 ppm in the 31P NMR 
spectrum of the complex. On the other hand, the 13Ccarbene resonance could not even be 
resolved after overnight data acquisition. However, the identity of 41 as a mixed 
NHC/phosphine complex could finally be corroborated by subjecting single crystals grown by 
slow vapor diffusion of Et2O into a concentrated CHCl3 solution of 41 to X-ray diffraction 
analysis. The molecular structure depicted in Fig. 4.3 shows the expected geometry, which 
slightly deviates from linearity with a C1–Cu1–P1 angle of 176.0(3)°. The Cu–Ccarbene bond 
length of 1.912(9) Å is found to be essentially the same with those observed in the hetero-
bis(NHC) counterparts 38–40. In addition, a comparison of the Cu–P distances in 41 with its 
reported trialkylphosphine analogue [Cu(IPr)(PtBu3)]BF428a revealed a pronounced elongation 
in the latter. This can be primarily attributed to the larger steric hindrance of PtBu3 compared 
to the PPh3 ligand, which is clearly indicated by the percent buried volume (%VBur) value of 
41.9 for PtBu3 vs. 33.4 for PPh3,69 although the stronger -donating and weaker -accepting 
properties of the PtBu3 ligand do play an important role in this bond elongation as well. 





Figure 4.3. Molecular structure of 41. Thermal ellipsoids are shown at a 50% probability 
level. Hydrogen atoms and PF6– anions have been omitted for clarity. Selected bond lengths 
(Å) and bond angles (deg): Cu1–C1 1.912(9), Cu1–P1 2.187(3); C1–Cu1–P1 176.0(3), N1–
C1–N2 105.3(7). 
Although, a wide range of multi-coordinated Cu(I)–NHCs have been reported,20a 3-
coordinated 16-electron complexes of the general formula [Cu(NHC)(L2)]+ supported by a 
simple bidentate ligand L2 are surprisingly rare. 70  Moreover, the reported examples 
exclusively employed rigid planar N,N-chelators as supporting ligands. 
Hence, the reactivity of precursor K toward diphosphine ligands was explored with the 
objective to gain access to novel 3-coordinated mixed NHC/diphosphine Cu(I) complexes. 
The reactions of complex K with 1,2-bis(diphenylphosphino)ethane (DPPE) or 1,1'-bis-
(diphenylphosphino)ferrocene (DPPF) in the presence of KPF6 indeed afforded 3-coordinated 
complexes [Cu(NHC)(DPPE)]PF6 (42) and [Cu(NHC)(DPPF)]PF6 (43), respectively (Scheme 
4.4). Due to the increased difficulty of coordinating two additional donors to a d10 Cu(I) 
center, the reaction time was extended to 48 h. 




Scheme 4.4. Syntheses of heteroleptic complexes 42 and 43. 
 
Complexes 42 and 43 were isolated as white and yellow solids, respectively, which have 
very similar solubilities compared to that of the mono-phosphine counterpart 41. Base peaks 
centered at m/z 849 (42) and 1005 (43) in their ESI mass spectra with the correct isotopic 
patterns for the respective [M – PF6]+ fragments (illustrated in Fig. 4.4 with 43 as a 
representative) lend support for the formation of mixed NHC/diphosphine complexes. The 
presence of diphosphine ligands was also confirmed by 1H NMR spectra of 42 and 43. While 
the ethylene bridge in DPPE of 42 gives rise to one multiplet at 2.02 ppm, two broad singlets 
are found at 4.32 ppm and 4.14 ppm, characteristic for the Cp protons of the DPPF ligand in 
43. These spectroscopic features suggest a 2-fold symmetry of the molecules in solution. In 
addition, the resonance due to IPr isopropyl C–H protons shows a pronounced downfield (42) 
or upfield (43) shift upon the coordination of diphosphine ligands. The 13Ccarbene signal of 
complex 42 could not be detected, but is observed at 178.1 ppm for complex 43. The 
coordination of the diphosphine ligands was further verified by 31P NMR spectra of 42 and 43, 
which display a singlet at –6.0 ppm and –15.2 ppm, respectively, falling in the range typically 
observed for Cu(I) diphosphine complexes.71 Notably, these 31P NMR signals show marked 
upfield shifts compared to that in mono-phosphine counterpart 41. 





Figure 4.4. Isotopic pattern of the [43 – PF6]+ fragment in the positive ESI mass 
spectrometry (upper) and simulated pattern (bottom). 
 
X-ray diffraction analyses were conducted on single crystals of 42 and 43 obtained by 
slow vapor diffusion of Et2O into their concentrated solutions in CHCl3. These reveal a 
distorted trigonal planar geometry for both complexes (Fig. 4.5). The chelating diphosphine 
ligands are oriented almost perpendicularly to the IPr imidazole backbones with dihedral 
angles of ~73° (42) and ~77° (43) between the NHC planes and those defined by the Cu 
center and the two P donor atoms. The bite angles of 87.97(4)° (42) and 107.14(4)° (43) fall 
in the range typically observed in Cu(I) diphosphine complexes.71 The Cu–P bond lengths in 
complexes 42 and 43 ranging from 2.2855(11) to 2.3151(10) Å are essentially equal, but 
significantly longer than that observed in mono-phosphine counterpart 41 (cf. 2.187(3) Å). 
This can be attributed to the increased steric bulk around the Cu(I) center and its lower Lewis 
acidity as a consequence of diphosphine coordination compared to that of a complex with one 
monodentate phosphine ligand. 
 




Figure 4.5. Molecular structures of 42 and 43∙0.75CHCl3∙0.25C4H10O. Thermal 
ellipsoids are shown at a 50% probability level. Hydrogen atoms, PF6– anions and solvent 
molecules have been omitted for clarity. Selected bond lengths (Å) and bond angles (deg) for 
42: Cu1–C1 1.940(4), Cu1–P1 2.3138 (11), Cu1–P2 2.2855(11); C1–Cu1–P1 139.68(11), 
C1–Cu1–P2 132.29(11), P2–Cu1–P1 87.97(4), N1–C1–N2 102.8(3). 43: Cu1–C1 1.964(3), 
Cu1–P1 2.3025(10), Cu1–P2 2.3151(10); C1–Cu1–P1 126.87(10), C1–Cu1–P2 125.99(10), 
P1–Cu1–P2 107.14(4), N1–C1–N2 102.9(3). 
 
4.3. Catalytic studies. 
Cu(I)-catalyzed azide-alkyne cycloaddition (CuAAC) has become a powerful approach 
for the construction of 1,4-disubstituted 1,2,3-triazoles.22c,d,72 Most of the previous studies 
employed preformed azides, while there are only a few scattered examples using in situ 
generated azides. 73  The latter is clearly more advantageous, as additional intermediate 
isolation is circumvented, and the handling of potential hazardous azides can be minimized. 
 A few Cu(I) systems are known to be active in one-pot sequential CuAAC reactions, 
which exploit in situ generated aryl azides from aromatic amines via diazotization and 
subsequent azidation.73a-c However and to the best of our knowledge, the catalytic activities of 
Cu(I)–NHCs in such one-pot sequential CuAAC reactions is still unknown. 




In a preliminary study, all Cu(I) NHC complexes 38–43 described herein, and as 
comparators, mono-carbene complex [CuCl(IPr)] (K), [Cu(CH3CN)(IPr)]PF6 (L) and homo-
bis(NHC) complex [Cu(IPr)2]PF6 (M), were therefore subjected to a test reaction employing 
aniline and phenylacetylene as substrates, isopentyl nitrite as diazotization and sodium azide 
as azidation reagents at a 1 mol% catalyst loading in pure H2O as an environmentally benign 
medium. In initial attempts, all components were mixed prior to heating for 16 h. However, 
this approach gave unnegligible amounts (ca. 20% yield) of 1,4-diphenyl-1,3-butadiyne, 
generated by the oxidative homocoupling of phenylacetylene. The formation of this undesired 
side product can be largely suppressed, when a one-pot, two-step protocol was applied, 
according to which a mixture of aniline, isopentyl nitrite and sodium azide was allowed to stir 
in H2O for 2 h before the addition of phenylacetylene and the Cu(I) precatalyst (Table 4.2).  
 
Table 4.2. One-pot sequential CuAAC reactions catalyzed by complexes 38–43, K, L, and 
M.a 
 
Entry Precatalyst Yield [%]b 
1 [Cu(IPr)(Bn2-imy)]PF6 (38) 71 
2 [Cu(IPr)(iPr2-bimy)]PF6 (39) 40 
3 [Cu(IPr)(Indy)]PF6 (40) 58 
4 [Cu(IPr)(PPh3)]PF6 (41) 27 
5 [Cu(IPr)(DPPE)]PF6 (42) 29 
6 [Cu(IPr)(DPPF)]PF6 (43) 32 
7 [CuCl(IPr)] (K) 46 
8 [Cu(IPr)(CH3CN)]PF6 (L) 24 
9 [Cu(IPr)2)]PF6 (M) 51 
a Reaction conditions: i) 0.5 mmol of aniline, 0.525 mmol of sodium azide, 0.8 mmol of isopentyl nitrite, 1 
mL of H2O, ambient temperature, 2 h; ii) 0.525 mmol of phenylacetylene, 1 mol% of [Cu], 1 mL of H2O, 
60 ºC, 16 h. b Yields were determined by GC-MS with naphthalene as internal standard for an average of 
two runs. 
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All Cu(I) complexes proved to be active for this one-pot sequential CuAAC reaction. 
Hetero-bis(NHC) complexes were generally superior to mixed NHC-phosphine complexes 
(entry 1–3 vs. entry 4–6). Notably, homo-bis(NHC) complex [Cu(IPr)2]PF6 (M), although 
inferior compared to most of the hetero-bis(NHC) counterparts, also gives moderate yield 
(entry 9). Mono-carbene complex [Cu(IPr)(CH3CN)]PF6 (L) proved to be the poorest 
performer (entry 8), while interestingly the chlorido precursor complex K showed moderate 
activity (entry 7).  
Among all the complexes surveyed, complex 38, bearing the dibenzylimidazolin-2-
ylidene ligand, exhibited the highest catalytic activity. In a previous “CuAAC” study 
employing neat azides and alkynes, Cazin et al. have postulated that the catalytic activity of 
Cu(I) hetero-bis(NHC) complexes is enhanced by stronger donating abilities and improved 
flexibilities of the supporting NHC ligands.28a The results obtained here support this concept 
only in part. It seems that ligand flexibility does play a crucial role, since the 
dibenzylimidazolin-2-ylidene ligand in the best performer 38 is the most flexible. However, it 
is also the weakest donating NHC among all the co-carbene ligands in 38–40, which partly 
contrasts the above postulation. 
Using complex 38 as the best performer, a selection of electronically and sterically 
varied alkynes and aromatic amines were exploited in a small substrate scope study, and the 
results are summarized in Scheme 4.5. 
The reactions employing either aliphatic or aromatic terminal alkynes all proceeded 
smoothly and a series of 1,2,3-triazoles (44a–44d) were afforded in good yields of up to 87%. 
Notably, aliphatic alkynes showed better reactivity suggesting a slight preference for electron-
rich alkynes in this one-pot sequential CuAAC reaction (44a, 44b vs. 44c, 44d). 
However, no simple trend depending on the electronic nature of aromatic amines 
emerged. It appears that electron-rich aromatic amines are more suitable substrates giving 




decent yields of generally >70%, while the reactions employing electron-deficient amines are 
rather sluggish (44e–44i vs. 44j). More importantly, steric factors play a more crucial role, 
which is best evidenced by the sharp drop of yield in the case of 44g where highly bulky 
isopropyl groups in the ortho-positions were introduced. Nevertheless, it should be noted here, 
that the low yields in the case of 44g and 44j are largely affected by the difficult in situ 
formation of the corresponding aryl azides prior to the CuAAC process. To confirm this, tests 
reactions were carried out without the Cu(I) complexes cet. par. in order to isolate the free 
azide. Indeed, only trace amounts of aryl azides were observed. Further optimization of the 
reaction conditions, in order to broaden the scope of the aromatic amines, remains to be 
explored in the future.  
Scheme 4.5. One-pot sequential CuAAC reactions catalyzed by complex 38.a 
 
a Reaction conditions: i) 0.5 mmol of aromatic amine, 0.525 mmol of sodium azide, 0.8 mmol of 
isopentyl nitrite, 1 mL of H2O, ambient temperature, 2 h; ii) 0.525 mmol of alkyne, 1 mol% of 38, 1 mL of 
H2O, 60 °C, 16 h. Isolated yield from an average of two runs. b The reaction mixture was heated at 60 °C 




Chapter 5. Conclusions 
 
In summary, the coordination chemistry, spectroscopic/electrochemical features, and 
catalytic studies of group 10/11 transition metal (Pd, Au, Cu) complexes incorporating N-
heterocyclic carbenes are reported. 
In Chapter 2, a triazole-derived Janus-type dicarbene, 1,2,4-triazolidin-3,5-diylidene 
(ditz), was employed as a bridging ligand. A series of new di-Pd(II) ditz complexes have been 
synthesized (Scheme 5.1), and their reactivities, isomerizations and catalytic applications have 
been described. 
The dinuclear hetero-tetra(carbene) complex all-trans-[PdBr2(iPr2-bimy)]2(μ-ditz) (2) 
was obtained via a milder Ag-carbene transfer protocol with the dicationic salt c as the 
precursor. In complex 2, triazolidin-diylidene serves as the bridge and a benzannulated 
carbene 1,3-diiso-propylbenzimidazolin-2-ylidene (iPr2-bimy) was exploited as the terminal 
supporting ligand. Subsequent ligand substitution reactions afforded tetra-carboxylato 
complexes [Pd(CH3COO)2 (iPr2-bimy)]2(μ-ditz) (3) and [Pd(CF3COO)2(iPr2-bimy)]2(μ-ditz) 
(4), with retention of the all-trans configuration as the predominant product. A preliminary 
catalytic study in Mizoroki-Heck reactions employing 2‒4 as precatalysts revealed that 
complex 3 bearing acetato ligands is the best performer. 
In situ deprotonation of salt c with Pd(OAc)2 in the presence of KBr afforded the 
CH3CN-coordinated complex all-trans-[PdBr2(CH3CN)]2(μ-ditz) (6). Making use of the 
lability of the CH3CN ligands, complex 6 was used as the precursor for further ligand 
replacement reactions. Treatment of complex 6 with mono- and di-phosphines gave the 
neutral complex [PdBr2(PPh3)]2(μ-ditz) (7)  and anionic complex [PdBr(DPPP)]2(μ-ditz)Br2 
(8), respectively. In the former case, the all-cis isomer is found to be thermodynamically 
favorable, which has been confirmed by NMR spectroscopy and X-ray diffraction analysis. 




Bromido substitution of all-cis-7 with AgO2CCH3 furnished the tetra-acetato complex 
[Pd(CH3COO)2(PPh3)]2(μ-ditz) (9), with the all-cis isomer as the predominant product, but 
the cis-trans form was also detected in small amounts.  
 
Scheme 5.1. Syntheses of dipalladium triazolidin-diylidene complexes. For complexes 
containing inseparable isomers, only the predominant isomers are shown. 
 
All dipalladium triazolidin-diylidene complexes 6‒9 proved to be active in direct 
catalytic C5-arylation of 1-methylimidazoles and show superior performance in comparison 
to their mono-nuclear equivalents (11‒14) bearing triazolin-5-ylidene ligands, indicating a 
cooperativity effect of the bridged two Pd centers. Future work may involve broadening the 
scope of ancillary ligands to achieve a greater diversity of dipalladium triazolidin-diylidene 
complexes. In addition, the use of the triazolidin-diylidene ligand as building blocks in 




In Chapter 3.1, a complete series of gold iPr2-bimy complexes (15–24) with varying 
metal oxidation states (AuI vs. AuIII), halido moieties (Cl, Br, I), and number of carbene 
ligands (mono-carbene vs. bis-carbene) have been described. All complexes can be 
straightforwardly accessed through salt metathesis and oxidative addition protocols (Scheme 
5.2).  The 13Ccarbene signal of iPr2-bimy ligand proved to be the most useful diagnostic tool for 
the differentiation of all gold complexes. The iPr2-bimy 13Ccarbene signal is found to be highly 
sensitive to the donating ability of trans-standing halido coligands in linear Au(I) complexes, 
while it is also sensitive to the shielding effect of cis-standing halido moiety in square-planar 
Au(III) complexes. In general, oxidation of Au(I) precursors to the respective Au(III) species 
leads to a more upfield iPr2-bimy 13Ccarbene signal. Finally, within the same oxidation state, 
gold bis(carbene) complexes are observed to exhibit more downfield iPr2-bimy 13Ccarbene 
signals compared to their mono-carbene counterparts. 
 
Scheme 5.2. Syntheses of Au(I)/Au(III) mono- and homo-bis(iPr2-bimy) complexes. The 
values in the parentheses are the chemical shifts of the iPr2-bimy carbene signals. 
 




The electronical properties of all Au carbene complexes have been thoroughly 
investigated by electronic absorption spectroscopy and cyclic voltammetry. UV–Vis 
absorption spectra of all Au(III) complexes featured a LMCT process from halido coligands 
to Au(III) centers, which absorption energy is found to be highly related to halido moiety as 
well as the number of carbene ligands involved. In addition, electrochemical studies verified 
an irreversible Au(III)/Au(I) reduction for all the Au(III) complexes, which potentials are 
found to be sensitive to the number of carbene ligands. Finally, a quasi-reversible redox 
process of the Au(I)/Au(0) couple without a clear halido-dependent trend was observed for all 
the gold complexes. 
Knowledge of these spectroscopic and electrochemical features and trends, which are 
influenced by the electronic nature of the metal centers and supporting ligands, may pave the 
way for further gold catalyst design and assist in their characterizations. Finally, this work 
also implies the use of photophysical and voltammetric analyses as an alternative approach for 
the study of intermediates and reaction mechanisms, which is one of the challenges in gold 
catalysis. 
Chapter 3.2 focuses on Au hetero-(carbene) chemistry bearing iPr2-bimy as the spectator 
ligand. A range of heteroleptic bis- and tetra(NHC) complexes have been accessed through 
two synthetic routes (Scheme 5.3). The reaction involving chlorido complex 15 with AgOAc 
afforded the acetato complex 25, which represents a new versatile precursor to a wide range 
of Au(I) hetero-bis(NHC) complexes as well as one hetero-tetra(NHC) complexes (27–32, 
Route A). In addition, an indazole-derived carbene complex [Au(iPr2-bimy)(Indy)]BF4 (26) 
was obtained via in situ deprotonation method employing K2CO3 as a base (Route B). Some 
of the Au(I) hetero-(NHC) complexes were found to undergo ligand redistributions, which 




this redistribution process was found to be suppressed upon oxidation of Au(I) metal center to 
Au(III). 
Scheme 5.3. Syntheses of Au hetero-(NHC) complexes. (a The hetero-bis(NHC) complex 33 
bearing FPyr ligand is known and serves as a comparator in this study.) 
 
The constant iPr2-bimy ligand in complexes of the type [Au(iPr2-bimy)(NHC)]BF4/PF6 
(26–33) was found to be a useful spectroscopic probe to determine the donating abilities of 
trans-standing NHC ligands, whereby stronger donor strength of the trans NHC ligand leads 
to a more downfield probe carbene signal. Furthermore, a very good linear correlation was 
found between the 13Ccarbene(iPr2-bimy) NMR signals of the Au(I) complexes and their 
respective Pd(II) analogues trans-[PdBr2(iPr2-bimy)(NHC)]. This allows the determination of 
the 13C NMR based electronic parameter developed by Huynh et al. for a wider range of NHC 




ligands. Future study may point to broadening the scope of this parameter by using the Au(I) 
hetero-(NHC) system as well as to study its limitations. 
 
Scheme 5.4. Syntheses of Cu(I) heteroleptic complexes. 
 
The syntheses of 2- and 3-coordinated Cu(I) heteroleptic bis(NHC) and mixed NHC/ 
phosphine complexes, which bear IPr ligand as the spectator, have been presented in Chapter 
4 (Scheme 5.4). Chlorido complex K proved to be a versatile precursor, in the presence of 




bis(NHC) complexes, which incorporate imidazole- (38), benzimidazole- (39), and indazole- 
(40) derived NHC as additional ligands. In the case of 40, Ag–carbene transmetalation was 
used as an alternative route, which has not been employed to synthesize Cu hetero-(NHC) 
complexes previously. In addition, 2- and 3-coordinated mixed NHC/phosphine complexes 
[Cu(IPr) (PPh3)]PF6 (41), [Cu(IPr)(DPPE)]PF6 (42) and [Cu(IPr)(DPPF)]PF6 (43) were 
straightforwardly accessed by treating precursor complex [CuCl(IPr)] (K) with the respective 
phosphine or diphosphine ligands.  
The catalytic activities of all Cu(I) complexes in one-pot sequential CuAAC reactions, 
where aromatic amines served as precursors to aryl azides, were evaluated. Generally, hetero-
bis(NHC) complexes proved to be superior to their mixed NHC/phosphine counterparts, with 
complex [Cu(Bn2-imy)(IPr)]PF6 (38) bearing the flexible dibenzylimidazolin-2-ylidene ligand, 
performing the best. The straightforward synthetic methods to far less established heteroleptic 
Cu(I) NHC complexes reported here will facilitate the research for further catalytic 
applications of such complexes. As a continuation of this study, future research may point to 
widening the scope of heteroleptic Cu(I) complexes to other types of NHCs as well as their 
applications to novel catalytic reactions. 
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Chapter 6. Experimental section 
 
General considerations. Unless otherwise stated all the manipulations were carried out 
without taking precautions to exclude air and moisture. All chemicals and solvents were used 
as received without further purification if not mentioned otherwise. 1,2-dichloroethane was 
dried with CaH2 and distilled under N2 using standard Schlenk techniques. PhICl2,74 salt c,29 
d,42 f,30 m,61 n,47b o75 and complex E30, trans-F,31 H,61 I,30 J,64 K,65 L,67 15,47a 18,47a 19,47b 
2447a were synthesized as previously reported. Carbene precursor salts e, g‒l, p‒r with BF4 or 
PF6 as anions were obtained by anion exchange of the corresponding known halide salts 
NHC∙H+Br-/Cl-17a,30,42,61,64 with excess NaBF4 in CH3CN or KPF6 in H2O. 
 1H, 13C, 19F, and 31P NMR spectra were recorded on 300 MHz and 500 MHz 
spectrometers, and the chemical shifts (δ) were internally referenced to the residual solvent 
signals relative to tetramethylsilane (1H and 13C) or externally to 85% H3PO4 (31P) and 
CF3CO2H (19F). ESI mass spectra were measured using a LCQ spectrometer. Elemental 
analyses were performed on a Vario Micro Cube elemental analyzer at the Department of 
Chemistry, National University of Singapore. UV-Vis absorption spectroscopic analyses were 
carried out with Shimadzu 2550 UV-Vis spectrometer. The measurement was performed 
using a 0.5 mM solution in CH2Cl2 in a UV quartz cuvette. Cyclic voltammetric experiments 
were carried out with a Metrohm AutolabIII potentiostat system in a three-electrode cell 
with a glassy carbon (3 mm diameter) working electrode, a platinum rod (2 mm diameter) 
counter electrode, and an Ag/AgCl (3 M KCl) reference electrode. Measurements were taken 
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1-methyl-1,2,4-triazole (a) and 4-methyl-1,2,4-triazole (b). 
Dimethyl carbonate (30 mL, 356 mmol) was added to a mixture of 1,2,4-
triazole (3.45 g, 50 mmol) and K2CO3 (3.45 g, 25 mmol). The resulting 
suspension was heated under reflux overnight. All the volatiles were removed under vacuum, 
and then CHCl3 (20 mL) was added to the residue. After filtration, the solvent was removed to 
yield a colorless liquid (2.85 g, 34.3 mmol, 69%). Analytical data of a and b were identical 
with literature values.76 
 
1,2,4-trimethyl-1,2,4-triazolium tetrafluoroborate (c).  
In a modification of a literature procedure,29 the isomeric mixture of a and b 
(130 mg, 1.56 mmol) was dissolved in dry 1,2-dichloroethane (0.5 mL), and the 
resulting solution was transferred to a suspension of trimethyloxonium 
tetrafluoroborate (692 mg, 4.68 mmol) in dry 1,2-dichloroethane (1.5 mL) via cannula. The 
reaction mixture was heated under reflux under N2 for 30 min and then cooled to ambient 
temperature. All the volatiles were removed under vacuum. The residue was washed with 
CH2Cl2 (3 × 3 mL) and then dried under vacuum to yield a white solid (262 mg, 0.91 mmol, 
59%). 1H NMR (500 MHz, CD3CN): δ 9.85 (s, 2 H, NCHN), 4.32 (s, 6 H, NCH3), 4.15 (s, 3 
H, NCH3). 13C{1H} NMR (125.76 MHz, CD3CN): δ 146.8 (NCHN), 39.1 (NCH3), 38.8 
(NCH3). 19F{1H} NMR (282.37 MHz, CD3CN): δ –75.52 (s, 10BF4), –75.57 (s, 11BF4). MS 
(ESI): m/z 130 [M – 2BF4 + OH]+. This compound is known in literature, but no complete 
characterization data is available. 
 
[PdBr2(iPr2-bimy)]2(μ-ditz) (2). 
THF (25 mL) was added to a mixture of 1,2,4-
trimethyl-1,2,4-triazolium tetrafluoroborate (c) (300 
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mg, 1.10 mmol) and AgOAc (365 mg, 2.19 mmol). The resulting suspension was heated 
under reflux for 2 h shielded from light. After cooling the reaction mixture to ambient 
temperature, all volatiles were removed under vacuum, and CH3CN (25 mL) was added to the 
off-white residue. The solution formed was transferred to a solution of complex (iPr2-
bimyH)[PdBr3(iPr2-bimy)] (E, 1632 mg, 2.17 mmol) in CH2Cl2 (30 mL). A yellow precipitate 
forms immediately, and the suspension was stirred overnight at ambient temperature. The 
mixture was filtered over Celite, and the solvent of the filtrate was removed under vacuum. 
The yellow residue was re-dissolved in CHCl3 (30 mL) and washed with water (20 mL × 3). 
The organic phase was collected and dried over Na2SO4. Filtration and removal of the solvent 
under vacuum afforded the product as a yellow solid (1042 mg, 0.979 mmol, 90%). all-trans-
2: 1H NMR (500 MHz, CDCl3): δ 7.58–7.57 (br m, 4 H, Ar–H), 7.23–7.21 (m, 4 H, Ar–H), 
6.16 (m, 2 H, CH(CH3)2, 3J(H,H) = 7 Hz), 6.02 (m, 2 H, CH(CH3)2, 3J(H,H) = 7 Hz), 4.62 (s, 
3 H, NCH3), 4.36 (s, 6 H, NCH3), 1.82, 1.80 (d, 24 H, CH(CH3)2, 3J(H,H) = 7 Hz). 13C{1H} 
NMR (125.76 MHz, CDCl3): δ 179.6 (NCN, ditz), 175.2 (NCN, iPr2-bimy), 134.2, 134.1, 
122.9, 113.4 (Ar–C), 54.8 (CH(CH3)2), 41.3 (NCH3), 37.7 (NCH3), 21.7 (CH(CH3)2). Signals 
of the other minor isomer have not been assigned due to their very low intensity. Anal. Calcd. 
for C31H45Br4N7Pd2: C, 35.52; H, 4.33; N, 9.35%. Found: C, 35.58; H, 4.25; N, 9.22%. MS 
(ESI): m/z 1072 [M + Na]+. 
 
[Pd(CH3COO)2(iPr2-bimy)]2(μ-ditz) (3). 
CH3CN (10 mL) was added to a mixture of 
AgO2CCH3 (70 mg, 0.42 mmol) and complex 2 (105 
mg, 0.1 mmol). The resulting green-yellowish 
suspension was stirred overnight at ambient 
temperature shielded from light and filtered through Celite. The solvent of the filtrate was 
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removed under reduced pressure, yielding a yellow solid (84 mg, 0.087 mmol, 87%). 
Overlapping and signals that cannot be unambiguously assigned are indicated with an asterisk 
(*). all-trans-3: 1H NMR (300 MHz, CDCl3): δ 7.57–7.54 (m, 4 H, Ar–H*), 7.19–7.14 (m, 4 
H, Ar–H*), 6.33 (m, 4 H, CH(CH3)2, 3J(H,H) = 7 Hz), 4.63 (s, 3 H, NCH3), 4.42 (s, 6 H, 
NCH3*), 1.76 (d, 24 H, CH(CH3)2, 3J(H,H) = 7 Hz), 1.70 (s, 12 H, CH3COO). 13C{1H} NMR 
(75.47 MHz, CDCl3): δ 180.2, 178.4, 177.9, 177.1, 176.4, 175.4 (NCN* and CH3COO*), 
133.5, 122.7, 113.5 (Ar–C), 54.2 (CH(CH3)2), 39.5 (NCH3), 37.1 (NCH3), 22.8 (CH3COO), 
21.8 (CH(CH3)2). all-cis-3: 1H NMR (300 MHz, CDCl3): δ 7.57–7.54 (m, 4 H, Ar–H*), 7.19–
7.14 (m, 4 H, Ar–H*), 6.44 (m, 4H, CH(CH3)2, 3J(H,H) = 7 Hz), 4.58 (s, 3 H, NCH3), 4.42 (s, 
6 H, NCH3*), 1.77 (d, 24 H, CH(CH3)2, 3J(H,H) = 7 Hz), 1.71 (s, 6 H, CH3COO), 1.66 (s, 6 
H, CH3COO). 13C{1H} NMR (75.47 MHz, CDCl3): δ 180.2, 178.4, 177.9, 177.1, 176.4, 175.4 
(NCN* and CH3COO*), 133.7, 122.4, 113.3 (Ar–C), 53.9 (CH(CH3)2), 39.4, 37.3, 37.2 
(NCH3), 23.0, 22.8 (CH3COO), 21.9 (CH(CH3)2). Anal. Calcd. for C39H57N7O8 Pd2: C, 48.55; 
H, 5.96; N, 10.16%. Found: C, 48.20; H, 6.42; N, 9.45%. MS (ESI): m/z 906 [M – 
CH3COO]+, 937 [M + MeOH – CH3COO]+, 988 [M + Na]+, 1871 [2M – CH3COO]+. 
 
[Pd(CF3COO)2(iPr2-bimy)]2(μ-ditz) (4). 
Complex 4 was synthesized in analogy to complex 3 
using AgO2CCF3 (93 mg, 0.42 mmol) and complex 2 
(105 mg, 0.1 mmol) and isolated as a yellow solid 
(108 mg, 0.091 mmol, 91%). all-trans-4: 1H NMR 
(300 MHz, CDCl3): δ 7.65–7.62 (m, 4 H, Ar–H), 7.30–7.28 (m, 4 H, Ar–H), 6.28 (m, 4 H, 
CH(CH3)2, 3J(H,H) = 7 Hz), 4.73 (s, 3 H, NCH3), 4.48 (s, 6 H, NCH3), 1.83 (d, 24 H, 
CH(CH3)2, 3J(H,H) = 7 Hz). 13C{1H} NMR (75.47 MHz, CDCl3): δ 176.3 (NCN, ditz), 169.5 
(NCN, iPr2-bimy), 162.8 (q, 2J(C,F) = 37 Hz, CF3COO), 133.6, 123.7, 113.8 (Ar–C), 114.7 (q, 
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1J(C,F) = 290 Hz, CF3COO), 54.8 (CH(CH3)2), 39.5 (NCH3), 37.4 (NCH3), 22.1 (CH(CH3)2). 
19F{1H} NMR (282.38 MHz, CDCl3): δ 2.19 (s, 12 F, CF3). Signals of other minor isomers 
have not been assigned due to their very low intensity. Anal. Calcd. for C39H45F12N7O8Pd2: C, 
39.68; H, 3.84; N, 8.30%. Found: C, 39.74; H, 3.74; N, 8.15%. MS (ESI): m/z 1068 [M – 
CF3COO]+, 1099 [M – CF3COO + CH3OH]+. 
 
[Pd(CH3COO)2(iPr2-bimy)2] (5).  
CH3CN (10 mL) was added to a 
mixture of AgO2CCH3 (37 mg, 0.22 
mmol) and trans-[PdBr2(iPr2-bimy)2] (F) 
(67 mg, 0.1 mmol). The reaction 
mixture was stirred for 3 h at ambient 
temperature shielded from light. The resulting green-yellowish suspension was then filtered 
through Celite, and the solvent of the filtrate was removed under reduced pressure yielding an 
off-white solid (51 mg, 0.081 mmol, 81%). Overlapping and signals that cannot be 
unambiguously assigned are indicated with an asterisk (*). trans-5: 1H NMR (300 MHz, 
CDCl3): δ 7.60–7.58 (m, 4 H, Ar–H), 7.20–7.18 (m, 4 H, Ar–H), 6.48 (m, 4 H, CH(CH3)2, 
3J(H,H) = 7 Hz), 1.81 (d, 24 H, CH(CH3)2, 3J(H,H) = 7 Hz), 1.70 (s, 6 H, CH3COO). 13C{1H} 
NMR (75.47 MHz, CDCl3): δ 180.1 (NCN), 176.5 (CH3COO), 133.8, 122.5, 113.4 (Ar–C), 
54.0 (CH(CH3)2), 23.1 (CH3COO), 21.9 (CH(CH3)2). cis-5: 1H NMR (300 MHz, CDCl3): δ 
7.63–7.58 (m, 4 H, Ar–H*), 7.24–7.22 (m, 4 H, Ar–H), 6.55–6.45 (m, 4 H, CH(CH3)2*, 
3J(H,H) = 7 Hz), 1.85 (d, 12 H, CH(CH3)2, 3J(H,H) = 7 Hz), 1.84 (d, 12 H, CH(CH3)2, 
3J(H,H) = 7 Hz), 1.72 (s, 3 H, CH3COO), 1.62 (s, 3 H, CH3COO). 13C{1H} NMR (75.47 
MHz, CDCl3): The Ccarbene signal could not be detected. δ 176.0 (CH3COO*), 134.0, 133.0, 
122.5, 113.6, 113.3 (Ar–C), 54.6 (CH(CH3)2), 22.10, 22.06, 21.9, 21.8 (CH3COO* and 
3
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CH(CH3)2*). Anal. Calcd. for C30H42N4O4Pd: C, 57.28; H, 6.73; N, 8.91%. Found: C, 57.26; 
H, 6.37; N, 8.53%. MS (ESI): m/z 771 [M – CH3COO + L]+. 
 
all-trans-[PdBr2(CH3CN)]2(μ-ditz) (6). 
1,2,4-trimethyl-1,2,4-triazolium tetrafluoroborate (c, 77 mg, 
0.27 mmol), Pd(OAc)2 (124 mg, 0.55 mmol) and KBr (297 
mg, 2.5 mmol) were mixed in CH3CN (10 mL). The 
reaction mixture was stirred and heated at 60 ºC for 6 h. The resulting suspension was cooled 
down and filtered through celite. The filtrate was collected and concentrated. Column 
chromatography (SiO2) followed by n-hexane precipitation gave the product as a yellow solid 
(141 mg, 0.194 mmol, 72%). 1H NMR (500 MHz, CD3CN): δ 4.31 (s, 3 H, NCH3), 4.25 (s, 6 
H, NCH3), 1.94 (s, 6 H, CH3CN). 13C{1H} NMR (125.76 MHz, CD3CN): δ 160.6 (NCN), 
118.3 (CH3CN), 41.6 (NCH3), 38.8 (NCH3), 1.38 (CH3CN). Anal. Calcd. for C9H15Br4N5Pd2: 




Complex all-trans-[PdBr2(CH3CN)]2(-ditz) (6) (73 mg, 0.1 mmol), 
PPh3 (53 mg, 0.2 mmol) were mixed in CH3CN (10 mL). The 
reaction mixture was stirred and heated at 80 ºC overnight. All the 
volatiles were removed in vacuo and the yellow residue was washed with diethyl ether (3 × 5 
mL). Column chromatography (SiO2) gave the product as a yellow solid (110 mg, 0.094 
mmol, 94%). 1H NMR (300 MHz, CD2Cl2): δ 7.52–7.49 (m, 30 H, Ar–H), 4.08 (s, 3 H, 
NCH3), 2.96 (s, 6 H, NCH3). 13C{1H} NMR (75.47 MHz, CD2Cl2): δ 176.7 (NCN), 134.8 (d, 
Ar–C, 2J(P,C) = 19 Hz), 132.0 (d, Ar–C, 4J(P,C) = 3 Hz), 129.4 (d, Ar–C, 1J(P,C) = 54 Hz), 
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129.3 (d, Ar–C, 3J(P,C) = 11 Hz), 41.4 (NCH3), 36.5 (NCH3). 31P{1H} NMR (121.49 MHz, 
CD2Cl2): δ 28.0 (s, PPh3). Anal. Calcd. for C41H39Br4N3P2Pd2: C, 42.16; H, 3.37; N, 3.60. 
Found: C, 42.37; H, 3.77; N, 3.42. MS (ESI): m/z 1121 [M – Br + CH3OH]+. 
 
 [PdBr(DPPP)]2(μ-ditz)Br2 (8). 
Complex all-trans-[PdBr2(CH3CN)]2(-ditz) (6) (73 mg, 
0.1 mmol) and 1,3-bis(diphenylphosphino)propane (83 mg, 
0.2 mmol) were mixed and CH3CN (10 mL) was added. 
The reaction mixture was stirred overnight at ambient temperature yielding a pale yellow 
suspension. All the volatiles were removed in vacuo, and the residue was washed with diethyl 
ether (3 × 5 mL) followed by ice-cold acetone (2 × 3 mL). The residue was dried in vacuo 
yielding an off-white solid. Crystallization from a concentrated CH2Cl2 solution afforded the 
analytically pure product (125 mg, 0.085 mmol, 85%). 1H NMR (500 MHz, DMSO-d6): 
8.09 (br s, 4 H, Ar–H), 7.73–7.69 (m, 6 H, Ar–H), 7.56–7.35 (m, 21 H, Ar–H), 7.21 (br s, 9 
H, Ar–H), 3.89 (s, 3 H, NCH3), 3.18 (s, 6 H, NCH3), 2.82, 2.58, 1.21 (br m, 12 H, PCH2 and 
PCH2CH2). 13C{1H} NMR (125.76 MHz, DMSO-d6): δ 178.4 (d, NCN, 2J(P,C) = 151 Hz), 
134.4, 134.3, 134.0, 133.9, 132.8, 132.6, 132.2, 131.9, 131.5, 131.4, 130.9, 130.5, 129.8, 
129.7, 129.1, 129.0, 128.3, 128.0, 127.8, 125.9, 125.5 (Ar–C), 36.9, 30.7 (NCH3), 23.8, 23.5, 
22.2, 21.9, 17.6 (PCH2 & PCH2CH2). 31P{1H} NMR (202.45 MHz, DMSO-d6): 9.7, –1.9 (d, 
PPh2(CH2)3PPh2, 2J(P,P) = 35 Hz). Anal. Calcd. for C59H61Br4N3P4Pd2: C, 48.26; H, 4.19; N, 
2.86. Found: C, 48.42; H, 4.24; N, 2.93. MS (ESI): m/z 654 [M – 2Br]2+, 1389 [M – Br]+. 
 
[Pd(CH3COO)2(PPh3)]2(μ-ditz) (9). 
Complex all-cis-7 (58 mg, 0.05 mmol) and AgO2CCH3 (35 mg, 
0.21 mmol) was mixed in CH2Cl2 (10 mL). The reaction mixture 
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was stirred at ambient temperature for 6 h in dark. The precipitate was filtered off via Celite, 
and the filtrate was evaporated in vacuo to yield the product as off-white solid (37 mg, 0.034 
mmol, 68%). Overlapping and signals that cannot be unambiguously assigned are indicated 
with an asterisk (*). all-cis-9: 1H NMR (300 MHz, CDCl3): 7.49–7.38 (m, 30 H, Ar–H*), 
4.27 (s, 3 H, NCH3), 3.10 (s, 6 H, NCH3), 1.69, 1.42 (s, 12 H, CH3COO*). 13C NMR (75.47 
MHz, CDCl3): δ 178.0, 177.6, 177.5, 177.4, 177.3, 172.0, 171.8 (NCN* and CH3COO*), 
134.7 (d, Ar–C, J(P,C) = 11 Hz), 132.6 (d, Ar–C, 4J(P,C) = 2 Hz), 129.7 (d, Ar–C*, J(P,C) = 
11 Hz), 127.5 (d, Ar–C, 1J(P,C) = 55 Hz), 40.4 (NCH3), 36.9 (NCH3), 23.8, 23.3 (CH3COO*). 
31P{1H} NMR (121.49 MHz, CDCl3): δ 25.2 (s, PPh3). cis-trans-9: 1H NMR (300 MHz, 
CDCl3): 7.49–7.38 (m, 30 H, Ar–H*), 4.14, 3.32, 2.97 (s, 9 H, NCH3), 1.69, 1.47, 1.45, 1.42 
(s, 12 H, CH3COO*). 13C NMR (75.47 MHz, CDCl3): 178.0, 177.6, 177.5, 177.4, 177.3, 
172.0, 171.8 (NCN* and CH3COO*), 132.7 (d, Ar–C, 3J(P,C) = 10 Hz), 130.0 (Ar–C*), 129.2 
(d, Ar–C, 2J(P,C) = 12 Hz), 127.6 (d, Ar–C, 1J(P,C) = 55 Hz), 40.7. 37.2, 36.2 (NCH3), 24.0, 
23.8, 23.3 (CH3COO*). 31P{1H} NMR (121.49 MHz, CDCl3): 25.3, 23.9 (s, PPh3). Anal. 
Calcd. for C49H51N3O8P2Pd2·1.25CH2Cl2: C, 50.68; H, 4.53; N, 3.53. Found: C, 50.77; H, 
4.87; N, 3.88. MS (ESI): m/z 1026 [M – CH3COO]+. 
 
trans-[PdBr2(CH3CN)(tazy)] (11) 
1,4-dimethyl-1,2,4-triazolium tetrafluoroborate (e) (255 mg, 1.38 
mmol), Pd(OAc)2 (310 mg, 1.38 mmol) and KBr (820 mg, 6.89 mmol) 
were mixed in CH3CN (10 mL). The reaction mixture was stirred and 
heated at 70 ºC overnight. The resulting suspension was cooled down and filtered through 
Celite. The filtrate was collected and concentrated. Column chromatography (SiO2) followed 
by n-hexane precipitation gives the product as a brown yellow solid (424 mg, 1.05 mmol, 
76%). 1H NMR (300 MHz, CD3CN): δ 8.20 (s, 1 H, NCHN), 4.10 (s, 3 H, NCH3), 3.94 (s, 3 
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H, NCH3), 1.94 (s, 3 H, CH3CN). 13C{1H} NMR (75.47 MHz, CD3CN): δ 163.1 (NCN), 
145.3 (NCHN), 118.3 (CH3CN), 40.4 (NCH3), 36.1 (NCH3), 1.38 (CH3CN). No correct 
elemental analysis could be obtained for this compound, despite several attempts. MS (ESI): 
m/z 1009 [3M – Br – 3CH3CN]+, 688 [2M – Br – CH3CN]+.  
 
cis-[PdBr2(PPh3)(tazy)] (12). 
Complex trans-11 (40 mg, 0.1 mmol) and PPh3 (27 mg, 0.1 mmol) were 
mixed and heated in CH3CN at 80 °C overnight. All the volatiles were 
removed and the residue was washed with diethyl ether (3 × 5 mL), 
affording the product as a yellow solid (54 mg, 0.087 mmol, 87%). 1H NMR (300 MHz, 
CD2Cl2): δ 7.69–7.37 (m, 16 H, Ar–H), 3.77 (s, 3 H, NCH3), 3.58 (s, 3 H, NCH3). 13C{1H} 
NMR (75.47 MHz, CD2Cl2): δ 169.1 (NCN), 143.4 (NCHN), 134.3 (d, Ar–C, J(P,C) = 11 Hz), 
131.7 (d, Ar–C, 4J(P,C) = 2 Hz), 130.3 (d, Ar–C, 1J(P,C) = 54 Hz), 128.9 (d, Ar–C, J(P,C) = 
11 Hz), 39.8 (NCH3), 35.4 (NCH3). 31P{1H} NMR (121.49 MHz, CD2Cl2): δ 26.9 (s, PPh3). 
Anal. Calcd. for C22H22Br2N3PPd: C, 42.24; H, 3.54; N, 6.72. Found: C, 42.01; H, 3.42; N, 
6.42%. MS (ESI): m/z 577 [M – Br + CH3OH]+. 
 
[PdBr(DPPP)(tazy)]Br (13). 
Complex trans-11 (40 mg, 0.1 mmol) and 1,3-bis(diphenylphosphino) 
propane (42 mg, 0.1 mmol) were mixed and stirred in CH3CN at 
ambient temperature overnight. All the volatiles were removed in vacuo 
and the residue was washed with diethyl ether (3 ×5 mL), affording the product as off-white 
solid (63 mg, 0.081 mmol, 81%). 1H NMR (500 MHz, DMSO-d6): δ 8.38 (s, 1 H, NCHN), 
7.84–7.27 (m, 20 H, Ar–H), 3.63 (s, 3 H, NCH3), 3.58 (s, 3 H, NCH3), 3.19–3.01 (m, 2 H, 
CH2), 2.76–2.67 (m, 2 H, CH2), 1.95–1.76 (m, 2 H, CH2). 13C{1H} NMR (125.76 MHz, 
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DMSO-d6): δ 172.4 (d, NCN, 2J(C,P) = 154 Hz), 144.7 (NCHN), 133.4, 133.3, 133.2, 133.1, 
132.6, 132.3, 132.2, 132.0, 131.8, 131.4, 131.2, 130.0, 129.8, 129.8, 129.4, 129.3, 129.1, 
129.0, 128.9, 128.8, 128.7 (Ar–C), 34.9 (NCH3), 23.6, 23.4, 22.8, 22.7, 22.6, 22.5, 17.9 
(PCH2 & PCH2CH2). The 13C NMR resonance due to the second NCH3 group accidentally 
overlaps with the DMSO-d6 solvent residual signal. 31P{1H} NMR (202.45 MHz, DMSO-d6): 
δ 11.4, –2.2 (d, PPh2(CH2)3PPh2, 2J(P,P) = 40 Hz). Anal. Calcd. for C31H33Br2N3 
P2Pd·0.75CH2Cl2: C, 45.43; H, 4.14; N, 5.01%. Found: C, 45.31; H, 3.64; N, 5.09%. MS 
(ESI): m/z 696 [M – Br]+. 
 
cis-[Pd(CH3COO)2(PPh3)(tazy)] (14). 
Complex cis-12 (63 mg, 0.1 mmol) and AgO2CCH3 (35 mg, 0.21 mmol) 
was mixed and CH2Cl2 (10 mL) was added. The reaction mixture was 
stirred at ambient temperature for 6 h in dark. The precipitate was filtered 
off via Celite and the filtrate was evaporated in vacuo to yield the product as off-white solid 
(42 mg, 0.072 mmol, 72%). 1H NMR (300 MHz, CDCl3): δ 7.61–7.38 (m, 16 H, Ar–H), 3.88 
(s, 3 H, NCH3), 3.63 (s, 3 H, NCH3), 2.51, 1.87 (s, 6 H, CH3COO). Overlapping and signals 
that cannot be unambiguously assigned are indicated with an asterisk (*).13C{1H} NMR 
(75.47 MHz, CDCl3): δ 177.9 (NCN or CH3COO*), 143.7 (NCHN), 134.6 (d, Ar–C, 2J(P,C) 
= 12 Hz), 132.2 (br s, Ar–C), 129.4 (d, Ar–C, 3J(P,C) = 11 Hz), 128.8 (d, Ar–C, 1J(P,C) = 54 
Hz), 40.2, 35.6 (NCH3), 24.1, 23.3 (CH3COO). 31P{1H} NMR (121.49 MHz, CDCl3): δ 24.9 
(s, PPh3). No correct elemental analysis could be obtained for this compound, despite several 








A mixture of complex 15 (217 mg, 0.5 mmol) and LiBr (452 mg, 5.2 
mmol) was stirred in acetone (40 mL) at ambient temperature for 24 h. 
The solvent was removed under vacuum. Dichloromethane (15 mL) was 
added to the residue and the resulting suspension filtered through Celite. The solvent of the 
filtrate was removed under reduced pressure to get a white powder (190 mg, 0.40 mmol, 
79%). 1H NMR (300 MHz, CDCl3): δ 7.65 (m, 2 H, Ar–H), 7.37 (m, 2 H, Ar–H), 5.49 (m, 2 
H, CH(CH3)2, 3J(H,H) = 7 Hz), 1.72 (d, 12 H, CH(CH3)2, 3J(H,H) = 7 Hz). 13C{1H} NMR 
(75.47 MHz, CDCl3): δ 180.0 (NCN), 133.0, 124.6, 113.8 (Ar–C), 54.8 (CH(CH3)2), 22.4 
(CH(CH3)2). Anal. Calcd. for C13H18N2AuBr: C, 32.59; H, 3.79; N, 5.85. Found:  C, 32.49; H, 
3.81; N, 5.52. MS (ESI): m/z 878 [2M – Br]+. 
 
[AuI(iPr2-bimy)] (17) 
A mixture of complex 15 (217 mg, 0.5 mmol) and NaI (375 mg, 2.5 
mmol) was stirred in acetone at ambient temperature for 24 h. The solvent 
was removed under vacuum. Dichloromethane (15 mL) was added to the 
residue and the resulting suspension filtered through Celite. The solvent of 
the filtrate was removed under reduced pressure to get a white powder (262 mg, 0.5 mmol, 
99%). 1H NMR (300 MHz, CDCl3): δ 7.65 (m, 2 H, Ar–H), 7.38 (m, 2 H, Ar–H), 5.51 (m, 2 
H, CH(CH3)2, 3J(H,H) = 7 Hz), 1.74 (d, 12 H, CH(CH3)2, 3J(H,H) = 7 Hz). 13C{1H} NMR 
(75.47 MHz, CDCl3): δ 186.4 (NCN), 132.9, 124.6, 113.8 (Ar–C), 54.5 (CH(CH3)2), 22.5 
(CH(CH3)2). Anal. Calcd. for C13H18N2AuI: C, 29.67; H, 3.45; N, 5.32. Found:  C, 29.83; H, 
3.34; N, 5.16. MS (ESI): m/z 925 [2M – I]+. 
 
 




Br2 (7.3 µL, 0.142 mmol) was added to complex 16 (52 mg, 0.109 mmol) 
in dichloromethane (10 mL). The solution was stirred at ambient 
temperature for 3 h, and the solvent of the reaction mixture was removed 
under vacuum. The resulting mixture was washed with pentane (4 × 5 mL) and dried under 
reduced pressure to give an orange solid (57 mg, 0.089 mmol, 82%). 1H NMR (300 MHz, 
CDCl3): δ 7.77 (m, 2 H, Ar–H), 7.45 (m, 2 H, Ar–H), 5.40 (m, 2 H, CH(CH3)2, 3J(H,H) = 7 
Hz), 1.78 (d, 12 H, CH(CH3)2, 3J(H,H) = 7 Hz). 13C{1H} NMR (75.47 MHz, CDCl3): δ 148.8 
(NCN), 133.7, 125.5, 115.0 (Ar–C), 55.8 (CH(CH3)2), 21.2 (CH(CH3)2). Anal. Calcd. for 




I2 (108 mg, 0.427 mmol) was dissolved in dichloromethane (15 mL) and 
added to complex 3 (156 mg, 0.296 mmol) in dichloromethane (6 mL). 
The solution was stirred at ambient temperature for 2 h. The solvent of the 
reaction mixture was removed under vacuum. The resulting mixture was 
washed with hexane (20 mL) and dried under reduced pressure to give a deep red solid (229 
mg, 0.294 mmol, 99%). 1H NMR (300 MHz, CDCl3): δ 7.74 (m, 2 H, Ar–H), 7.41 (m, 2 H, 
Ar–H), 5.21 (m, 2 H, CH(CH3)2, 3J(H,H) = 7 Hz), 1.77 (d, 12 H, CH(CH3)2, 3J(H,H) = 7 Hz). 
13C{1H} NMR (75.47 MHz, CDCl3): δ 146.1 (NCN), 134.0, 125.1, 114.8 (Ar–C), 54.8 
(CH(CH3)2), 20.7 (CH(CH3)2). Anal. Calcd. for C13H18N2AuI3: C, 20.02; H, 2.33; N, 3.59. 
Found: C, 20.09; H, 2.51; N, 3.12. MS (ESI): m/z 1277 [Au2I3(OH)2(iPr2-bimy)2(MeOH)2]+. 
 
 




PhICl2 (36 mg, 0.13 mmol) was dissolved in dichloromethane (4 
mL) and added to complex 18 (69 mg, 0.1 mmol) dissolved in 
dichloromethane (2 mL). The resulting solution was stirred at 
ambient temperature for 3 h shielded from light. The solvent was removed under reduced 
pressure and the white solid was washed with diethyl ether (4 × 5 mL). The solid was then 
dissolved in dichloromethane (10 mL), and the resulting suspension filtered through Celite. 
The solvent was removed under vacuum to yield an off-white powder (76 mg, 0.1 mmol, 
>99%). 1H NMR (300 MHz, DMSO-d6): δ 8.25 (m, 4 H, Ar–H), 7.60 (m, 4 H, Ar–H), 5.38 
(m, 4 H, CH(CH3)2, 3J(H,H) = 7 Hz), 1.85 (d, 24 H, CH(CH3)2, 3J(H,H) = 7 Hz). 13C{1H} 
NMR (75.47 MHz, DMSO-d6): δ 159.2 (NCN), 132.2, 125.6, 114.9 (Ar–C), 55.0 (CH(CH3)2), 
20.7 (CH(CH3)2). 19F{1H} NMR (282.38 MHz, DMSO-d6): δ –72.27 (s, 10BF4), –72.32 (s, 
11BF4). Anal. Calcd. for C26H36N4AuCl2BF4·1H2O: C, 40.18; H, 4.93; N, 7.21. Found: C, 
40.15; H, 4.59; N, 6.81. MS (ESI): m/z 671 [M – BF4]+. 
 
trans-[AuBr2(iPr2-bimy)2]BF4 (23) 
Br2 (6.7 µL, 0.13 mmol) was added to complex [Au(iPr2-
bimy)2]BF4 (18) (69 mg, 0.1 mmol) dissolved in 
dichloromethane (20 mL) at –30 °C. The resulting solution was 
stirred for 30 min at –30 °C and the temperature was gradually 
increased to ambient temperature with stirring for another 2 h. The solvent was removed 
under reduced pressure and the yellow solid was washed with diethyl ether (3 × 5 mL). The 
solid was then dissolved in dichloromethane (5 mL) and the resulting suspension filtered 
through Celite. The solvent was removed under vacuum to get a yellow powder (78 mg, 0.095 
mmol, 95%). 1H NMR (300 MHz, DMSO-d6): δ 8.24 (dd, 4 H, Ar–H), 7.58 (dd, 4 H, Ar–H), 
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5.24 (m, 4 H, CH(CH3)2, 3J(H,H) = 7 Hz), 1.83 (d, 24 H, CH(CH3)2, 3J(H,H) = 7 Hz). 
13C{1H} NMR (75.47 MHz, DMSO-d6): δ 156.3 (NCN), 132.4, 125.5, 114.9 (Ar–C), 55.1 
(CH(CH3)2), 20.3 (CH(CH3)2). 19F{1H} NMR (282.38 MHz, DMSO-d6): δ –72.28 (s, 10BF4), 
–72.33 (s, 11BF4). Anal. Calcd. for C26H36N4AuBr2BF4·1H2O: C, 36.05; H, 4.42; N, 6.47. 
Found: C, 35.64; H, 4.20; N, 6.46. MS (ESI): m/z 761 [M – BF4]+. 
 
[Au(O2CCH3)(iPr2-bimy)] (25).  
CH2Cl2 (10 mL) was added to the mixture of complex 15 (43.5 
mg, 0.1 mmol) and silver acetate (20 mg, 0.12 mmol). The 
reaction mixture was stirred for 1 h shielded from light and 
subsequently filtered through Celite. Removal of the solvent from the filtrate under vacuum 
yielded the product as a white powder (34.3 mg, 0.075 mmol, 75%). 1H NMR (300 MHz, 
CDCl3): 7.64–7.61 (m, 2 H, Ar–H), 7.36–7.33 (m, 2 H, Ar–H), 5.45 (m, 2 H, CH(CH3)2, 
3J(H,H) = 7 Hz), 2.09 (s, 3 H, CH3COO), 1.75 (d, 12 H, CH(CH3)2, 3J(H,H) = 7 Hz). 13C{1H} 
NMR (75.47 MHz, CDCl3): δ 178.0 (CH3COO), 170.2 (NCN), 133.1, 125.5, 124.4, 113.5 
(Ar–C), 54.8 (CH(CH3)2), 24.3 (CH3COO), 22.3 (CH(CH3)2). Anal. Calcd. for 
C15H21AuN2O2: C, 39.31; H, 4.62; N, 6.11; Found: C, 39.14; H, 4.35; N, 6.06. MS (ESI): m/z 
601 [M – CH3COO + L]+. 
 
[Au(iPr2-bimy)(Indy)]BF4 (26).iii  
K2CO3 (29 mg, 0.2 mmol) was added to a solution of the chlorido 
complex [AuCl(Indy)] (H) (42 mg, 0.1 mmol) and 1,3-diisopropyl 
                                                 
iii Complex 26 was synthesized by my labmate Sivaram Haresh. However, the description of this complex is not available in 
his master thesis. For a direct and complete comparison with the complexes described in this dissertation, its synthesis and 
characterization are included here.   
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benzimidazolium tetrafluoroborate (g) (30 mg, 0.1 mmol) in acetone (30 mL). The reaction 
mixture was stirred for 24 h at ambient temperature, and the solvent of the reaction mixture 
was then removed under vacuum. The residue was suspended in CH2Cl2 (15 mL) and 
subsequently filtered over Celite. The solvent of the filtrate was then removed under vacuum. 
The residue was washed with ethyl acetate (3 × 10 mL) and dried under vacuum affording the 
product as an off-white powder (52 mg, 0.08 mmol, 76%). 1H NMR (500 MHz, CDCl3): δ 
7.99 (d, 1 H, Ar–H), 7.70 (dd, 2 H, Ar–H), 7.68 (d, 1 H, Ar–H), 7.57 (d, 1 H, Ar–H), 7.43 (dd, 
2 H, Ar–H), 7.36 (t, 1 H, Ar–H), 5.42 (m, 2 H, CH(CH3)2, 3J(H,H) = 7 Hz), 4.85 (br t, 2 H, 
NCH2), 4.37 (br t, 2 H, NCH2), 2.37 (br m, 4 H, NCH2CH2), 1.87 (d, 12 H, CH(CH3)2, 
3J(H,H) = 7 Hz). 13C{1H} NMR (125.76 MHz, CDCl3): δ 190.8 (NCN, iPr2-bimy), 182.4 
(NCC, Indy), 141.7, 133.3, 132.9, 131.1, 127.3, 125.1, 124.1, 113.6, 110.6 (Ar–C), 54.3 
(CH(CH3)2), 54.0, 48.0 (NCH2), 23.3 (s, CH(CH3)2), 22.4, 21.3 (s, NCH2CH2). 19F{1H} NMR 
(282.40 MHz, CDCl3): δ –77.88 (s, 10BF4), –77.94 (s, 11BF4). Anal. Calcd. for 
C24H30N4AuBF4: C, 43.79; H, 4.59; N, 8.51. Found: C, 43.88; H, 4.42; N, 8.47%. MS (ESI): 
m/z 571 [M – BF4]+. 
 
General Procedure for [Au(iPr2-bimy)(NHC)]X (X = BF4/PF6, 27–32).  
Complex 25 (46 mg, 0.1 mmol) and the chosen azolium salt NHC∙H+X- (0.1 mmol) were 
mixed in the chosen solvent (10 mL).  In the case of complex 32, complex 25 (92 mg, 0.2 
mmol) and the dicationic salt ditz·(HBF4)2 (0.1 mmol) were employed. The reaction mixture 
was stirred at the temperature and time as indicated in Table 3.4 and Scheme 3.7. The reaction 
mixture was filtered via Celite, and the filtrate was concentrated under vacuum. Hexane was 
added and the resulting white precipitate was collected and dried under vacuum affording the 
product as a white solid. 
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[Au(iPr2-bimy)(Bn2-tazy)]BF4 (27).  
General procedure afforded 27 as a white solid. (59 mg, 0.08 mmol, 
80%). 1H NMR (300 MHz, CDCl3):8.61 (s, 1 H, NCHN), 7.69–
7.65 (m, 2 H, Ar–H), 7.43–7.40 (m, 2 H, Ar–H), 7.33 (br m, 10 H, 
Ar–H), 5.57 (s, 4 H, CH2Ph), 5.08 (m, 2 H, CH(CH3)2, 3J(H,H) = 7 
Hz), 1.65 (d, 12 H, CH(CH3)2, 3J(H,H) = 7 Hz). 13C{1H} NMR (75.47 MHz, CDCl3): δ 186.6 
(NCN, iPr2-bimy), 186.7 (NCN, Bn2-tazy), 145.0, 135.7, 135.5, 133.1, 129.75, 129.66, 129.3, 
128.4, 128.2, 125.3, 113.9 (Ar–C), 57.7 (CH2Ph), 53.0 (CH(CH3)2), 22.9 (CH(CH3)2). 
19F{1H} NMR (282.4 MHz, CDCl3): δ –76.33 (s, 10BF4), –76.39 (s, 11BF4). Anal. Calcd. For 
C29H33AuBF4N5: C, 47.36; H, 4.52; N, 9.52; Found: C, 47.44; H, 4.74; N, 9.20. MS (ESI): 
m/z 648 [M – BF4]+. 
 
[Au(iPr2-bimy)(Bn2-bimy)]BF4 (28). 
General procedure afforded 28 as a white solid (64 mg, 0.082 
mmol, 82%). 1H NMR (300 MHz, CDCl3): 7.66–7.63 (m, 2 
H, Ar–H), 7.55–7.52 (m, 2 H, Ar–H), 7.41–7.31 (m, 14 H, Ar–
H), 5.89 (s, 4H, CH2Ph), 5.18 (m, 2 H, CH(CH3)2, 3J(H,H) = 7 
Hz), 1.64 (d, 12 H, CH(CH3)2, 3J(H,H) = 7 Hz). 13C{1H} NMR (75.47 MHz, CDCl3): δ 191.5 
(NCN, Bn2-bimy), 187.6 (NCN, iPr2-bimy), 135.8, 134.2, 133.0, 129.7, 129.0, 127.2, 126.0, 
125.2, 113.7, 112.9 (Ar–C), 54.4, 52.6 (CH2Ph & CH(CH3)2), 22.9 (s, CH(CH3)2). 19F{1H} 
NMR (282.4 MHz, CDCl3): δ –76.87 (s, 10BF4), –76.92 (s, 11BF4). Anal. Calcd. for 
C34H36AuBF4N4: C, 52.06; H, 4.63; N, 7.14; Found: C, 52.31; H, 4.42; N, 7.03. MS (ESI): 
m/z 697 [M – BF4]+. 
 
 




General procedure afforded 29 as a white solid. (58 mg, 0.076 
mmol, 76%). 1H NMR (500 MHz, CDCl3) 7.69–7.30 (m, 13 H, 
Ar–H), 6.21 (s, 2 H, CH2Ph), 5.25 (m, 2 H, CH(CH3)2, 3J(H,H) 
= 7 Hz), 1.74 (d, 12 H, CH(CH3)2, 3J(H,H) = 7 Hz). 13C{1H} 
NMR (125.76 MHz, CDCl3): δ 214.8 (NCS, Bn-btay), 186.2 (NCN, iPr2-bimy), 143.7, 134.5, 
133.2, 131.3, 130.4, 129.9, 129.4, 127.7, 127.1, 125.3, 123.7, 116.9, 113.9, 113.8 (Ar–C), 
59.4 (CH2Ph), 54.7 (CH(CH3)2), 23.0 (CH(CH3)2). 19F{1H} NMR (282.4 MHz, CDCl3): δ –
75.92 (s, 10BF4), –75.97 (s, 11BF4). Anal. Calcd. For C27H29AuBF4N3S: C, 45.59; H, 4.11; N, 
5.91; Found: C, 45.61; H, 4.31; N, 6.04. MS (ESI): m/z 624 [M – PF6]+. 
 
[Au(IPr)(iPr2-bimy)]BF4 (30).  
General procedure afforded 30 as a white solid (77 mg, 0.088 
mmol, 88%). 1H NMR (500 MHz, CDCl3): 7.64–7.27 (m, 12 H, 
Ar–H), 4.36 (m, 2 H, CH(CH3)2–iPr2-bimy, 3J(H,H) = 7 Hz), 2.56 
(m, 4 H, CH(CH3)2–IPr, 3J(H,H) = 7 Hz), 1.27–1.24 (d, 36 H, 
CH(CH3)2, 3J(H,H) = 7 Hz). 13C{1H} NMR (125.76 MHz, 
CDCl3): δ 187.3 (NCN, IPr), 186.7 (NCN, iPr2-bimy), 146.6, 134.5, 133.0, 131.6, 125.4, 
125.2, 125.0, 113.5 (Ar–C), 53.9 (CH(CH3)2, iPr2-bimy), 29.5 (CH(CH3)2, IPr), 25.2, 24.8, 
22.6 (CH(CH3)2). 19F{1H} NMR (282.37 Hz, CDCl3): δ –77.90 (s, 10BF4), –77.94 (s, 11BF4). 
Anal. Calcd. for C40H54Au BF4N4: C, 54.93; H, 6.22; N, 6.41; Found: C, 54.90; H, 6.13; N, 
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[Au(IPr)(iPr2-bimy)]PF6 (31).  
General procedure afforded 31 as a white solid (80 mg, 0.086 
mmol, 86%). 1H NMR and 13C NMR spectroscopic data is the 
same with that of the analogue complex 30. 31P{1H} NMR (121.49 
MHz, CDCl3): δ –143.7 (m, PF6). 19F{1H} NMR (282.37 Hz, 
CDCl3): δ 2.40 (d, PF6). Anal. Calcd. for C40H54AuF6N4P: C, 
51.50; H, 5.83; N, 6.01; Found: C, 51.74; H, 5.57; N, 5.55. MS (ESI): m/z 788 [M – PF6]+. 
 
[Au(iPr2-bimy)]2(-ditz)(BF4)2 (32). 
General procedure followed by flash column 
chromatography (SiO2) afforded 32 as a white solid 
(52 mg, 0.048 mmol, 48%). Complex 32 can be 
alternatively synthesized via Ag-carbene transfer 
method in a yield of 56%. 1H NMR (500 MHz, CDCl3):7.68–7.66 (m, 4 H, Ar–H), 7.39–
7.37 (m, 4 H, Ar–H), 5.31 (m, 4 H, CH(CH3)2, 3J(H,H) = 7 Hz), 4.31 (s, 6 H, NCH3), 4.13 (s, 
3 H, NCH3), 1.75 (d, 24 H, CH(CH3)2, 3J(H,H) = 7 Hz). 13C{1H} NMR (125.76 MHz, 
CDCl3): δ 189.4 (NCN, ditz), 185.6 (NCN, iPr2-bimy), 133.0, 125.1, 113.7 (Ar–C), 54.5 
(CH(CH3)2), 40.5 (NCH3), 38.6 (NCH3), 22.9 (CH(CH3)2). 19F{1H} NMR (282.37 Hz, 
CDCl3): δ –77.30 (s, 10BF4), –77.35 (s, 11BF4). Elemental Analyses are not available due to its 
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trans-[AuCl2(Bn2-bimy)(iPr2-bimy)]BF4 (36).  
Complex 32 (78 mg, 0.1 mmol) and PhICl2 (30 mg, 0.11 mmol) 
were mixed and CH2Cl2 (10 ml) was added. The reaction 
mixture was stirred at ambient temperature overnight shielded 
from light. All volatiles were removed under vacuum and the 
residue was washed with diethyl ether (3 × 5 ml), yielding an 
off-white solid (75 mg, 0.87 mmol, 87%). 1H NMR (300 MHz, CD2Cl2):7.72–7.71 (m, 4 H, 
Ar–H), 7.61–7.60 (m, 2 H, Ar–H), 7.48–7.46 (m, 8 H, Ar–H), 7.32–7.29 (m, 4 H, Ar–H), 6.03 
(s, 4 H, CH2Ph), 4.49 (m, 2 H, CH(CH3)2, 3J(H,H) = 7 Hz), 1.53 (d, 12 H, CH(CH3)2, 3J(H,H) 
= 7 Hz). 13C{1H} NMR (75.47 MHz, CD2Cl2): δ 165.3 (NCN, Bn2-bimy), 158.7 (NCN, iPr2-
bimy), 134.5, 134.0, 133.0, 129.8, 129.3, 127.0, 126.7, 125.6 (Ar–C), 55.4 (CH2Ph), 51.3 
(CH(CH3)2), 21.1 (CH(CH3)2). 19F{1H} NMR (282.4 MHz, CD2Cl2): δ –77.52 (s, 10BF4), –
77.57 (s, 11BF4). Anal. Calcd. for C34H36AuBF4N4: C, 47.74; H, 4.24; N, 6.55; Found: C, 
47.66; H, 4.19; N, 6.68. MS (ESI): m/z 769 [M – BF4]+. 
 
all-trans-[AuCl2(iPr2-bimy)]2(-ditz)(BF4)2 (37).  
This complex was synthesized in analogy to complex 
36 with exception of decreasing the reaction 
temperature to 0 ºC. Fractional crystallization 
afforded the 37 as an off-white solid in a yield of 
81%. 1H NMR (500 MHz, CD2Cl2): 7.86–7.85 (m, 4 H, Ar–H), 7.54–7.52 (m, 4 H, Ar–H), 
5.38 (m, 4 H, CH(CH3)2, 3J(H,H) = 7 Hz), 4.60 (s, 6 H, NCH3), 4.59 (s, 3 H, NCH3), 1.87 (d, 
12 H, CH(CH3)2, 3J(H,H) = 7 Hz). 13C{1H} NMR (75.47 MHz, CD2Cl2): δ 168.6 (NCN, ditz), 
153.4 (NCN, iPr2-bimy), 133.4, 125.8, 114.9 (Ar–C), 56.4 (CH(CH3)2), 41.6 (NCH3), 39.8 
(NCH3), 21.3 (CH(CH3)2). 19F{1H} NMR (300 MHz, CD2Cl2): δ –76.75 (s, 10BF4), –76.80 (s, 
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11BF4). Anal. Calcd. for C31H45Au2B2Cl4F8N7: C, 30.39; H, 3.70; N, 8.00; Found: C, 30.18; H, 
3.87; N, 7.82. MS (ESI): m/z 1138 [M – BF4]+, 526 [M – 2BF4]2+. 
 
trans-[PdBr2(Indy)(iPr2-bimy)] (26’).iv 
Dimeric complex [PdBr2(iPr2-bimy)]2 (I) (105 mg, 0.11 mmol) and 
Indy·H+Br- (m) (57 mg, 0.23 mmol) were suspended in CH2Cl2 (25 
mL). Ag2O (36 mg, 0.16 mmol) was added to the mixture, and the 
resulting suspension was stirred for 12 h shielded from light. The 
reaction mixture was then filtered over Celite, and the solvent of the filtrate was removed 
under vacuum yielding the crude product. The crude product was redissolved in a minimal 
volume of CHCl3, and filtered over Celite. A large excess of diethyl ether was added to the 
filtrate to precipitate the product. The precipitate was collected and dried under vacuum, 
yielding the product as a pale–orange powder (125 mg, 0.20 mmol, 87%). 1H NMR (500 
MHz, CDCl3): δ 8.54 (d, 1 H, Ar–H), 7.54–7.64 (m, 3 H, Ar–H), 7.36 (t, 1 H, Ar–H), 7.27 (d, 
1 H, Ar–H), 7.23 (dd, 2 H, Ar–H), 6.47 (br m, 1 H, CH(CH3)2), 6.23 (br m, 1 H, CH(CH3)2), 
5.08 (br t, 2 H, NCH2), 4.01 (br t, 2 H, NCH2), 2.25 (br m, 4 H, NCH2CH2), 1.93 (br d, 6H, 
CH(CH3)2), 1.87 (br d, 6 H, CH(CH3)2). 13C{1H} NMR (125.8 MHz, CDCl3): δ 181.4 (NCN, 
iPr2-bimy), 179.6 (NCC, Indy), 142.9, 134.5, 134.3, 131.9, 131.6, 130.5, 123.3, 122.5, 113.2, 
109.6 (Ar–C), 54.3 (CH(CH3)2), 53.1, 48.4 (NCH2), 23.3, 22.1 (NCH2CH2), 21.9 (CH(CH3)2). 
Anal. Calcd. for C24H30N4PdBr2: C, 44.99; H, 4.72; N, 8.74. Found: C, 45.00; H, 4.93; N, 
8.57. MS (ESI): m/z 561 [M – Br]+. 
 
 
                                                 
iv Complex 26’ was synthesized by my labmate Sivaram Haresh. However, the description of this complex is not available in 
his master thesis. For a direct and complete comparison with the complexes described in this dissertation, its synthesis and 
characterization are included here.   
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trans-[PdBr2(Bn-btay)(iPr2-bimy)] (29’).v  
Precursor salt iPr2-bimy∙H+Br- (f) (16 mg, 0.06 mmol) and Ag2O 
(7 mg, 0.03 mmol) were suspended in CH2Cl2 (5 mL) and stirred 
for 3 h. The resulting mixture was filtered into the CH2Cl2 
solution of dimeric complex [PdBr2(Bn-btay)]2 (J) (28 mg, 0.03 mmol) and stirred for 1 h. 
The suspension was filtered over Celite and the solvent of the filtrate was removed under 
vacuum. The product was obtained as a yellow solid after recrystallization from 
CH2Cl2/toluene (32 mg, 0.05 mmol, 82%). 1H NMR (300 MHz, CDCl3): δ 7.85–7.83 (m, 1 H, 
Ar–H), 7.65–7.59 (m, 5 H, Ar–H), 7.43–7.34 (m, 5 H, Ar–H), 7.21–7.18 (m, 2 H, Ar–H), 6.54 
(s, 2 H, NCH2), 6.05 (m, 2 H, CH(CH3)2, 3J(H,H) = 7 Hz), 1.71 (d, 12 H, CH(CH3)2, 3J(H,H) 
= 7 Hz). 13C{1H} NMR (75.48 MHz, CDCl3): δ 217.7 (NCS, Bn-btay), 176.4 (NCN, iPr2-
bimy), 144.3, 137.2, 135.0, 134.3, 129.7, 128.9, 128.1, 127.3, 125.6, 122.8, 122.7, 115.3, 
113.3 (Ar–C), 59.1 (NCH), 54.6 (NCH2), 21.6 (CH3). Anal. Calcd. for C27H29Br2N3PdS: C, 
46.74; H, 4.21; N, 6.06; Found: C, 46.39; H, 4.55; N, 5.66%. MS (ESI): m/z 614 [M – Br]+. 
 
[CuCl(IPr)] (K). 
This complex was synthesized via a modified procedure.65 Salt IPr·H+Cl- 
(o) (213 mg, 0.50 mmol) and Cu2O (93 mg, 0.65 mmol) were mixed and 
heated in dry toluene (10 mL) at 120 °C for 48 h. All the volatiles were 
removed in vacuo and the residue was dissolved (partially) in CH2Cl2 and 
subsequently filtered through Celite. The filtrate was dried in vacuo, 
affording the product as a white solid (212 mg, 0.435 mmol, 87%). NMR spectroscopic data 
agree well with the reported ones.65 
                                                 
v Complex 29’ was synthesized by my labmate Yuan Dan. However, the description of this complex is not available in her 
PhD thesis. For a direct and complete comparison with the complexes described in this dissertation, its synthesis and 
characterization are included here.   
Experimental Section–Chapter 6 
134 
 
[Cu(Bn2-imy)(IPr)]PF6 (38).  
Complex [CuCl(IPr)] (K) (98 mg, 0.20 mmol), salt Bn2-imy·H+PF6- 
(p) (79 mg, 0.20 mmol) and K2CO3 (36 mg, 0.26 mmol) were mixed 
and stirred in acetone (20 mL) at ambient temperature for 48 h. All 
the volatiles were removed in vacuo and the residue was taken up in 
CH2Cl2 and subsequently filtered through Celite. The filtrate was 
dried in vacuo and washed with ethyl acetate (2 × 1 mL), affording the product as a white 
solid (152 mg, 0.18 mmol, 90%). Single crystals suitable for X-ray diffraction studies were 
obtained by slow evaporation of a concentrated CH2Cl2/n-hexane solution of 38. 1H NMR 
(300 MHz, CD3CN): δ 7.54 (s, 2 H, Ar–H), 7.42–7.27 (m, 12 H, Ar–H), 6.90 (s, 2 H, Ar–H), 
6.76–6.73 (m, 4 H, Ar–H), 4.53 (s, 4 H, NCH2), 2.56 (m, 4 H, CH(CH3)2, 3J(H,H) = 7 Hz), 
1.20 (d, 12 H, CH(CH3)2, 3J(H,H) = 7 Hz), 1.12 (d, 12 H, CH(CH3)2, 3J(H,H) = 7 Hz). 
13C{1H} NMR (75.47 MHz, CD3CN): δ 180.3 (NCN, IPr), 176.2 (NCN, Bn2-imy), 146.9, 
137.0, 135.3, 131.8, 129.8, 129.1, 125.3, 125.2, 123.2 (Ar–C), 54.8 (CH2Ph), 29.6 
(CH(CH3)2), 25.0, 24.0 (CH(CH3)2). 31P{1H} NMR (121.5 MHz, CD3CN): δ –143.2 (m, PF6). 
19F{1H} NMR (282.4 MHz, CD3CN): δ 3.41 (d, PF6). Anal. Calcd. for C44H52CuF6N4P: C, 
62.51; H, 6.20; N, 6.63%. Found: C, 62.69; H, 6.38; 6.74%. MS (ESI): m/z 699 [M – PF6]+. 
 
[Cu(IPr)(iPr2-bimy)]PF6 (39). 
Complex [CuCl(IPr)] (K) (98 mg, 0.20 mmol), salt iPr2-
bimy·H+PF6 (q) (70 mg, 0.20 mmol) and K2CO3 (36 mg, 0.26 
mmol) were mixed and stirred in acetone (20 mL) at ambient 
temperature for 48 h. All the volatiles were removed in vacuo and 
the residue was partially dissolved in CH2Cl2 and filtered via 
Celite. The filtrate was dried in vacuo and washed with ethyl acetate (2 × 1 mL), affording the 
6
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product as a white solid (136 mg, 0.17 mmol, 85%). Single crystals suitable for X-ray 
diffraction studies were obtained by slow diffusion of diethyl ether into a concentrated 
solution of 39 in chloroform. 1H NMR (300 MHz, CDCl3): δ 7.65–7.60 (m, 2 H, Ar–H), 7.48–
7.39 (m, 8 H, Ar–H), 7.28–7.25 (m, 2 H, Ar–H), 3.95 (m, 2 H, CH(CH3)2–iPr2-bimy, 3J(H,H) 
= 7 Hz), 2.59 (m, 4 H, CH(CH3)2–IPr, 3J(H,H) = 7 Hz), 1.27, 1.22, 1.19 (d, 36 H, CH(CH3)2, 
3J(H,H) = 7 Hz). 13C{1H} NMR (75.47 MHz, CDCl3): δ 179.3 (NCN, IPr), 178.7 (NCN, iPr2-
bimy), 146.4, 134.9, 133.2, 131.6, 125.1, 125.0, 124.7, 113.4 (Ar–C), 53.7 (CH(CH3)2– iPr2-
bimy), 29.4 (CH(CH3)2–IPr), 25.6, 24.5, 23.0 (CH(CH3)2). 31P{1H} NMR (121.5 MHz, 
CDCl3): δ –143.6 (m, PF6). 19F{1H} NMR (282.4 MHz, CDCl3): δ 2.52 (d, PF6). Anal. Calcd. 
for C40H54CuF6N4P: C, 60.10; H, 6.81; N, 7.01%. Found: C, 60.52; H, 6.98; 6.91%. MS 
(ESI): m/z 653 [M – PF6]+. 
 
[Cu(Indy)(IPr)]PF6 (40). 
Route A: Complex [CuCl(IPr)] (K) (98 mg, 0.20 mmol), salt 
Indy·H+PF6- (r) (64 mg, 0.20 mmol) and KOtBu (29 mg, 0.26 mmol) 
were mixed and stirred in dry THF (5 mL) under inert conditions at 
ambient temperature for overnight. All the volatiles were removed in 
vacuo and the residue was partially dissolved in CH2Cl2 and filtered 
via Celite. The filtrate was dried in vacuo and washed with ethyl acetate (2 × 3 mL), affording 
the product as an off-white solid (99 mg, 0.13 mmol, 65%). Route B: Salt Indy·H+Br- (m, 126 
mg, 0.5 mmol) and Ag2O (68 mg, 0.29 mmol) were mixed in CH2Cl2 (10 mL) and the 
reaction mixture was stirred at ambient temperature in the dark for 6 h. The resulting 
suspension was filtered into a solution of [Cu(CH3CN)(IPr)]PF6, which was prepared by 
stirring the mixture of complex [CuCl(IPr)] (K, 245 mg, 0.5 mmol) and AgPF6 (127 mg, 0.5 
mmol) in CH3CN (3 mL) in the dark for 5 min followed by filtration. The reaction mixture 
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was stirred at ambient temperature shielded from light overnight and filtered through Celite. 
The filtrate was dried in vacuo and the residue was washed with ethyl acetate (2 × 3 mL) 
affording the product as an off-white solid (268 mg, 0.35 mmol, 70%). Single crystals suitable 
for X-ray diffraction studies were obtained by slow diffusion of diethyl ether into a 
concentrated solution of 40 in chloroform. 1H NMR (500 MHz, CDCl3): δ 7.63–7.50 (m, 3 H, 
Ar–H), 7.39–7.36 (m, 7 H, Ar–H), 7.07–7.04 (m, 1 H, Ar–H), 6.86–6.84 (m, 1 H, Ar–H), 4.09 
(t, 2 H, NCH2, 3J(H,H) = 6 Hz), 3.56 (t, 2 H, NCH2, 3J(H,H) = 6 Hz), 2.58 (m, 4 H, 
CH(CH3)2, 3J(H,H) = 7 Hz), 2.19 (br s, 2 H, NCH2CH2), 1.89 (br s, 2 H, NCH2CH2), 1.27, 
1.21 (d, 24 H, CH(CH3)2, 3J(H,H) = 7 Hz). 13C{1H} NMR (125.76 MHz, CDCl3): δ 180.8 
(NCN, IPr), 176.6 (NCN, Indy), 146.6, 141.7, 134.8, 132.4, 131.3, 127.1, 124.8, 124.5, 123.6, 
110.2 (Ar–C), 53.1, 47.4 (NCH2), 29.3 (CH(CH3)2), 25.8, 24.3 (CH(CH3)2), 22.7, 21.2 
(NCH2CH2). 31P{1H} NMR (121.5 MHz, CDCl3): δ –143.7 (m, PF6). 19F{1H} NMR (282.4 
MHz, CDCl3): δ 2.44 (d, PF6). Anal. Calcd. for C38H48CuF6N4P∙0.25CHCl3: C, 57.49; H, 
6.09; N, 7.01%. Found: C, 57.47; H, 5.88; N, 7.41%. MS (ESI): m/z 623 [M – PF6]+. 
 
[Cu(IPr)(PPh3)]PF6 (41).  
Complex [CuCl(IPr)] (K) (98 mg, 0.20 mmol), PPh3 (53 mg, 0.20 
mmol) and KPF6 (110 mg, 0.60 mmol) were mixed and stirred in 
acetone (10 mL) at ambient temperature for 24 h. All the volatiles were 
removed in vacuo, and the residue was partially dissolved in CH2Cl2 
and subsequently filtered through Celite. The filtrate was dried in vacuo 
and the residue was washed with ethyl acetate (3 × 10 mL) and dried in vacuo, affording the 
product as a white solid (142 mg, 0.166 mmol, 83%). Single crystals suitable for X-ray 
diffraction studies were obtained by slow diffusion of diethyl ether into a concentrated 
solution of 41 in chloroform. 1H NMR (300 MHz, CDCl3): δ 7.64–7.28 (m, 21 H, Ar–H), 7.14 
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(s, 2 H, Imd–H), 2.56 (m, 4 H, CH(CH3)2, 3J(H,H) = 7 Hz), 1.29, 1.23 (d, 24 H, CH(CH3)2, 
3J(H,H) = 7 Hz). 13C{1H} NMR (125.76 MHz, CDCl3): δ 146.5, 134.4 (Ar–C), 133.9 (d, Ar–
C (PPh3), 1J(P,C) = 15 Hz), 132.7, 132.6, 131.8 (Ar–C), 130.2 (d, Ar–C (PPh3), 2J(P,C) = 10 
Hz), 125.5, 125.1 (Ar–C), 29.4 (CH(CH3)2), 25.9, 24.3 (CH(CH3)2). The carbene signal 
cannot be resolved despite prolonged acquisition time. 31P{1H} NMR (202.5 MHz, CDCl3): δ 
8.8 (s, PPh3), –143.7 (m, PF6). 19F{1H} NMR (282.4 MHz, CDCl3): δ 2.31 (d, PF6). Anal. 
Calcd. for C45H51CuF6N2P2: C, 62.89; H, 5.98; N, 3.26%. Found: C, 62.66; H, 5.78; N, 
3.33%. MS (ESI): m/z 713 [M – PF6]+. 
 
[Cu(DPPE)(IPr)]PF6 (42).  
Complex [CuCl(IPr)] (K) (98 mg, 0.20 mmol), 1,2-bis(diphenyl-
phosphino)ethane (104 mg, 0.26 mmol) and KPF6 (110 mg, 0.60 
mmol) were mixed and stirred in acetone (20 mL) at ambient 
temperature for 48 h. All the volatiles were removed in vacuo and the 
residue was suspended in CH2Cl2 and subsequently filtered through 
Celite. The filtrate was dried in vacuo and the residue was washed with ethyl acetate (3 × 10 
mL) and dried in vacuo, affording the product as a white solid (151 mg, 0.15 mmol, 76%). 
Single crystals suitable for X-ray diffraction studies were obtained by the slow diffusion of 
diethyl ether into a concentrated solution of 42 in CHCl3. 1H NMR (500 MHz, CDCl3): δ 
7.52–7.49 (m, 3 H, Ar–H), 7.42–7.39 (m, 4 H, Ar–H), 7.26–7.21 (m, 14 H, Ar–H), 6.88–6.87 
(m, 7 H, Ar–H), 2.75 (m, 4 H, CH(CH3)2, 3J(H,H) = 7 Hz), 2.02 (m, 4 H, PCH2), 1.11 (d, 12 
H, CH(CH3)2, 3J(H,H) = 7 Hz), 0.76 (d, 12 H, CH(CH3)2, 3J(H,H) = 7 Hz). 13C{1H} NMR 
(125.76 MHz, CDCl3): δ 146.3, 135.9, 133.2, 133.1, 133.0, 131.6, 131.1, 130.1, 125.7, 125.2, 
124.2 (Ar–C, coupling to phosphorus is not considered), 29.3 (CH(CH3)2), 25.4, 24.2 
(CH(CH3)2). The carbene signal could not be resolved despite prolonged acquisition time. 
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31P{1H} NMR (121.5 MHz, CDCl3): δ –6.0 (s, PPh2), –143.7 (m, PF6). 19F{1H} NMR (282.4 
MHz, CDCl3): δ 2.37 (d, PF6). Anal. Calcd. for C53H60CuF6N2 P3∙0.5C4H10O: C, 63.97; H, 
6.34; N, 2.71%. Found: C, 63.74; H, 6.70; N, 3.02%. MS (ESI): m/z 849 [M – PF6]+. 
 
[Cu(DPPF)(IPr)]PF6 (43).  
Complex [CuCl(IPr)] (K) (98 mg, 0.20 mmol), 1,1’-bis(diphenyl-
phosphino)ferrocene (144 mg, 0.26 mmol) and KPF6 (48 mg, 0.26 
mmol) were mixed and stirred in acetone (20 mL) at ambient 
temperature for 48 h. All the volatiles were removed in vacuo and 
the residue was dissolved (partially) in CH2Cl2 and subsequently filtered through Celite. The 
filtrate was dried in vacuo and the residue was washed with diethyl ether (3 × 10 mL) and 
dried in vacuo. Crystallization from CHCl3/Et2O afforded the product as a yellow solid (140 
mg, 0.12 mmol, 61%). 1H NMR (300 MHz, CDCl3): δ 7.63–7.62 (m, 6 H, Ar–H), 7.47–7.10 
(m, 20 H, , Ar–H), 6.98 (s, 2 H, Ar–H), 4.32 (br s, 4 H, Cp–H), 4.14 (br s, 4 H, Cp–H), 2.28 
(m, 4 H, CH(CH3)2, 3J(H,H) = 7 Hz), 1.01 (d, 12 H, CH(CH3)2, 3J(H,H) = 7 Hz), 0.82 (d, 12 
H, CH(CH3)2, 3J(H,H) = 7 Hz). 13C{1H} NMR (75.47 MHz, CDCl3): δ 178.1 (NCN), 145.7, 
135.3, 134.8, 134.6, 134.5, 131.3, 130.7, 129.3, 129.2, 125.9, 125.1 (Ar–C, coupling to the 
phosphorus is not considered), 74.5, 74.4, 72.6 (Cp–C, coupling to the phosphorus is not 
considered), 29.3 (CH(CH3)2), 25.0, 24.8 (CH(CH3)2). 31P{1H} NMR (202.5 MHz, CDCl3): –
15.2 (s, PPh2), –143.7 (m, PF6). 19F{1H} NMR (282.4 MHz, CDCl3): δ 2.8 (d, PF6). Anal. 
Calcd. for C61H64CuF6FeN2P3∙0.25CH3CN: C, 63.58; H, 5.62; N, 2.71. Found: C, 63.74; H, 
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1-(4-tert-butyl-phenyl)-4-phenyl-1,2,3-triazole (44h).  
This compound was isolated as pale yellow solid. 1H NMR 
(300 MHz, CDCl3): δ 8.18 (s, 1 H, Ar–H), 7.94–7.91 (m, 2 H, 
Ar–H), 7.73–7.69 (m, 2 H, Ar–H), 7.57–7.54 (m, 2 H, Ar–H), 
7.49–7.44 (m, 2 H, Ar–H), 7.39–7.34 (m, 1 H, Ar–H), 1.38 (s, 9 H, C(CH3)3). 13C{1H} NMR 
(75.47 MHz, CDCl3): δ 152.8, 129.6, 129.0, 127.3, 126.5, 120.9 (Ar–C), 35.5 (C(CH3)3), 31.9 
(C(CH3)3). ESI (MS): m/z 278 [M + H]+. 
 
1-(2,5-dimethoxyl-phenyl)-4-phenyl-1,2,3-triazole (44i).  
This compound was isolated as yellow oil. 1H NMR (300 MHz, 
CDCl3): δ 8.39 (s, 1 H, Ar–H), 7.93–7.90 (m, 2 H, Ar–H), 7.45–7.42 
(m, 3 H, Ar–H), 7.37–7.32 (m, 1 H, Ar–H), 7.04–6.94 (m, 2 H, Ar–
H), 3.85 (s, 3 H, o-OCH3), 3.82 (s, 3 H, m-OCH3). 13C{1H} NMR 
(75.47 MHz, CDCl3): 154.5, 147.8, 145.5, 131.1, 129.5, 128.8, 127.1, 126.5, 122.4, 116.2, 
114.3, 110.9 (Ar–C), 57.2 (o-OCH3), 56.6 (m-OCH3). ESI (MS): m/z 282 [M + H]+. 
 
General Procedure for Mizoroki-Heck Catalysis.  
In a typical run, a 25 mL Schlenk tube was charged with a mixture of aryl halide (1.0 mmol 
for monohalides, 0.5 mmol for dihalides), sodium bicarbonate (1.5 mmol), tert-butyl acrylate 
(1.5 mmol), catalyst (0.005 mmol) and DMF (3 mL). The tube was sealed and the reaction 
mixture was stirred and heated at 120 ºC for 24 h. After the mixture was cooled to ambient 
temperature, dichloromethane (10 mL) was added. The organic layer was then washed with 
water (5 × 10 mL) and dried over sodium sulfate. The solvent was removed by evaporation to 
give a crude product, which was analyzed by 1H NMR spectroscopy. 
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General procedure for regioselective C5 arylation of 1-methylimidazoles. 
In a typical run, a 25-mL Schlenk tube was charged with 1-methylimidazole (60 L, 0.75 
mmol), KOAc (98.2 mg, 1.0 mmol), aryl halide (0.5 mmol), 1.25 mol% of dipalladium 
precatalysts or 2.5 mol% of mono-palladium precatalysts, and DMA (1 mL). The reaction 
mixture was sealed and heated at 140 °C for 18 h. The reaction mixture was cooled to ambient 
temperature and H2O (5 mL) was added, followed by extraction with ethyl acetate (3 × 10 
mL). The organic phases were collected and dried over Na2SO4. All the volatiles were 
removed in vacuo and the product was isolated by column chromatography and analyzed by 
1H NMR spectroscopy. 
 
General Procedure for Azide-Alkyne Cycloaddition Catalysis.  
In a typical run, a Schlenk tube was charged with aromatic amine (0.5 mmol), sodium azide 
(0.525 mmol, 34.1 mg), isopentyl nitrite (0.80 mmol, 108 µL) and solvent (1 mL). The 
reaction mixture was stirred for 2 h at the temperature indicated in Scheme 4.5. 
Phenylacetylene (0.525 mmol, 58 µL) and Cu(I) precatalyst (0.005 mmol, 1 mol%), and 1 mL 
of solvent were then added. The reaction mixture was heated at 60 °C for another 16 h. The 
reaction mixture was cooled to ambient temperature and H2O (5 mL) was added, followed by 
extraction with ethyl acetate (3 × 10 mL). The organic phases were collected and dried over 
Na2SO4. All the volatiles were removed in vacuo and the product was isolated by column 
chromatography and analyzed by 1H NMR spectroscopy.  
 
X-ray Diffraction Studies. 
X-ray data were collected with a Bruker AXS SMART APEX diffractometer, using Mo K 
radiation with the SMART suite of Programs. 77  Data were processed and corrected for 
Lorentz and polarization effects with SAINT,78 and for absorption effect with SADABS.79 
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Structural solution and refinement were carried out with the SHELXTL suite of programs.80 
The structure was solved by direct methods to locate the heavy atoms, followed by difference 
maps for the light, non-hydrogen atoms. All hydrogen atoms were put at calculated positions. 
All non-hydrogen atoms were generally given anisotropic displacement parameters in the 
final model. A summary of the most important crystallographic data is given in the appendix 
and the CIF files are given in the CD attached. 
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Appendix (selected crystallographic data) 
 all-trans-2·3CHCl3 all-trans-3 all-trans-4·CH3CN trans-5
Formula C31H45Br4N7Pd2·3CHCl3 C39H57N7O8Pd2 C39H45F12N7O8Pd2·CH3CN C30H42N4O4Pd
Formula weight 1406.28 964.72 1221.67 629.08
Crystal size (mm) 0.30 × 0.24 × 0.08 0.50 × 0.20 × 0.12 0.40 × 0.26 × 0.18 0.36 × 0.20 × 0.12
Temperature (K) 100(2) 223(2) 100(2) 223(2)
Crystal system Monoclinic Orthorhombic Monoclinic Orthorhombic
Space group P2(1)/c P2(1)2(1)2(1) P2(1)/c Pbca
a (Å) 14.2884(11) 9.1677(6) 14.4073(17) 16.9882(9)
b (Å) 11.9763(11) 15.6062(9) 26.565(3) 9.9514(5)
c (Å) 31.944(3) 31.6509(17) 13.7018(17) 18.5623(10)
 (°) 90 90 90 90
 (°) 101.585(2) 90 104.890(3) 90
 (°) 90 90 90 90
V (Å3) 5355.0(8) 4528.4(5) 5068.0(11) 3138.1(3)
Z 4 4 4 4
Dc (gcm-3) 1.744 1.415 1.601 1.332 
μ (mm-1) 4.137 0.848 0.809 0.630
θ range (°) 1.8227.50 1.8325.00 1.5325.00 2.1927.50
Reflection collected 37432 26668 29823 20932
Independent reflections 12275 
(Rint = 0.0819) 
7971 
(Rint = 0.0599) 
8931 
(Rint = 0.0372) 
3595 
(Rint = 0.0681) 
Max, min transmission 0.7332, 0.3700 0.9051, 0.6765 0.8680, 0.7378 0.9283, 0.8051
Final R indices  
(I > 2σ(I)) 
R1 = 0.0635, 
wR2 = 0.1493
R1 = 0.0909, 
wR2 = 0.2202
R1 = 0.0882, 
wR2 = 0.2222
R1 = 0.0465, 
wR2 = 0.0949
R indices  
(all data) 
R1 = 0.1176, 
wR2 = 0.1706 
R1 = 0.1135, 
wR2 = 0.2352 
R1 = 0.1131, 
wR2 = 0.2418 
R1 = 0.0784, 
wR2 = 0.1062 
Goodness of fit on F2 1.031 1.108 1.039 1.047





 all-cis-71.5CH2Cl2 8·3CH2Cl2H2O cis-12 
Formula C41H39N3P2Pd2Br41.5CH2Cl2 C59H61N3P4Pd2Br43CH2Cl2H2O C22H22Br2N3PPd 
Formula weight 1295.52 1741.22 625.62 
Crystal size (mm) 0.50 × 0.30 × 0.26 0.40 × 0.36 × 0.36 0.20 × 0.18 × 0.03 
Temperature (K) 100(2) 100(2) 100(2) 
Crystal system Monoclinic Monoclinic Monoclinic 
Space group P2(1)/c P2(1)/n P2(1)/c 
a (Å) 14.6313(12) 16.0280(13) 7.8629(8) 
b (Å) 19.8067(17) 14.1822(12) 7.5919(8) 
c (Å) 16.2085(14) 30.130(3) 37.124(4) 
 (°) 90 90 90 
 (°) 99.723(2) 91.669(2) 92.747(3) 
 (°) 90 90 90 
V (Å3) 4629.7(7) 6846.0(10) 2213.6(4) 
Z 4 4 4 
Dc (gcm-3) 1.859 1.689 1.877 
μ (mm-1) 4.505 3.230 4.535 
θ range (°) 2.4227.84 1.4627.50 2.2027.50
Reflection collected 26570 47785 15300 
Independent reflections 8158 
(Rint = 0.0465) 
15728 
(Rint = 0.0567) 
5071 
(Rint = 0.0694) 
Max, min transmission 0.3871, 0.2116 0.9051, 0.6765 0.7898, 0.5652
Final R indices  
(I > 2σ(I)) 
R1 = 0.0416, 
wR2 = 0.1056 
R1 = 0.0536, 
wR2 = 0.1262 
R1 = 0.0494,  
wR2 = 0.0922 
R indices  
(all data) 
R1 = 0.0553, 
wR2 = 0.1113 
R1 = 0.0721,  
wR2 = 0.1331 
R1 = 0.0745,  
wR2 = 0.1001 
Goodness of fit on F2 1.047 1.046 1.051 
Peak/hole (eÅ-3) 1.205/–1.109 2.979/–1.893 0.951/–0.685 




 16 17 20 21 
Formula C13H18AuBrN2 C13H18AuIN2 C13H18AuBr3N2 C13H18AuI3N2
Formula weight 479.17 526.16 638.99 779.96
Crystal size (mm) 0.36 × 0.20 × 0.10 0.50 × 0.24 × 0.12 0.28 × 0.28 × 0.20 0.60 × 0.40 × 0.20
Temperature (K) 100(2) 100(2) 223(2) 100(2)
Crystal system Monoclinic Monoclinic Tetragonal Tetragonal
Space group P21/n P21/c P43212 P43212
a (Å) 9.6791(11) 10.5679(14) 9.0114(3) 9.3135(12)
b (Å) 7.8592(9) 10.6108(15) 9.0114(3) 9.3135(12)
c (Å) 19.129(2) 13.2940(18) 21.0622(16) 21.152(4)
 (°) 90 90 90 90
 (°) 100.293(3) 93.197(3) 90 90
 (°) 90 90 90 90
V (Å3) 1431.7(3) 1488.4(4) 1710.36(15) 1834.8(5)
Z 4 4 4 4
Dc (gcm-3) 2.223 2.348 2.482 2.824 
μ (mm-1) 13.047 11.940 15.599 13.057
θ range (°) 2.1627.50 1.9327.49 2.4627.49 2.3927.47
Reflection collected 9793 10345 11963 12445
Independent reflections 3278  
(Rint = 0.0322) 
3418  
(Rint = 0.0377) 
1968  
(Rint = 0.0483) 
2097  
(Rint = 0.0486) 
Max, min transmission 0.2679, 0.1768 0.3283, 0.0658 0.1464, 0.0972 0.1799, 0.0473
Final R indices  
(I > 2σ(I)) 
R1 = 0.0427, 
wR2 = 0.0984
R1 = 0.0346, 
wR2 = 0.0866
R1 = 0.0210, 
wR2 = 0.0494
R1 = 0.0267,  
wR2 = 0.0660
R indices  
(all data) 
R1 = 0.0487,  
wR2 = 0.1018 
R1 = 0.0369, 
wR2 =  0.0878 
R1 = 0.0221, 
wR2 =  0.0497 
R1 = 0.0269, 
wR2 = 0.0661 
Goodness of fit on F2 1.074 1.095 1.074 1.146





 22·0.67CHCl3 23·0.67CH2Cl2 25 
Formula C26H36AuBCl2F4N4·0.67CHCl3 C26H36AuBBr2F4N4·0.67CH2Cl2 C15H21AuN2O2 
Formula weight 838.84 904.80 458.30 
Crystal size (mm) 0.30 × 0.24 × 0.08 0.40 × 0.30 × 0.10 0.54 × 0.16 × 0.16 
Temperature (K) 223(2) 223(2) 223(2) 
Crystal system Monoclinic Monoclinic Monoclinic 
Space group C2/c C2/c P2(1)/m 
a (Å) 40.5846(15) 40.65(3) 9.4713(15) 
b (Å) 10.9152(4) 10.902(8) 7.4385(12) 
c (Å) 25.3892(9) 25.010(18) 10.8863(17) 
 (°) 90 90 90 
 (°) 116.7480(10) 116.24(3) 91.231(4) 
 (°) 90 90 90 
V (Å3) 10043.6(6) 9941(13) 766.8(2) 
Z 12 12 2 
Dc (gcm-3) 1.664 1.814 1.985 
μ (mm-1) 4.759 7.004 9.596 
θ range (°) 1.80 to 27.50 1.66 to 27.50 2.1527.47
Reflection collected 34858 34744 5423 
Independent reflections 11509  
(Rint = 0.0501) 
11411 
(Rint = 0.0630) 
1882  
(Rint = 0.0377) 
Max, min transmission 0.7020, 0.3294 0.5410, 0.1660 0.3921, 0.1722 
Final R indices  
(I > 2σ(I)) 
R1 = 0.0405,  
wR2 = 0.0878 
R1 = 0.0471, 
wR2 = 0.1039 
R1  = 0.0345,  
wR2  = 0.0887 
R indices  
(all data) 
R1 = 0.0553, 
wR2 = 0.0930 
R1 = 0.0693, 
wR2 = 0.1123 
R1  = 0.0376,  
wR2  = 0.0911 
Goodness of fit on F2 1.017 0.993 1.075 
Peak/hole (eÅ-3) 1.506/–0.676 1.713/–1.436 2.249/–2.057 




 26 27 31 34 
Formula C24H30AuBF4N4 C29H33AuBF4N5 C40H54AuF6N4P C42H36AuBF4N4
Formula weight 658.30 735.38 932.81 880.52
Crystal size (mm) 0.36 × 0.20 × 0.16 0.60 × 0.26 × 0.60 0.31 × 0.23 × 0.18 0.50 × 0.20 × 0.12
Temperature (K) 100(2) 100(2) 100(2) 100(2)
Crystal system Monoclinic Monoclinic Monoclinic Triclinic
Space group P2(1)/c P2(1)/n Pc P–1
a (Å) 10.3775(10) 11.3640(17) 9.6056(4) 8.3264(3)
b (Å) 13.4807(13) 13.907(2) 13.1707(6) 10.9307(4)
c (Å) 17.2073(16) 18.598(3) 16.2740(8) 11.1756(5)
 (°) 90 90 90 68.5800(10)
 (°) 98.989(3) 90.016(4) 95.7720(10) 86.5110(10)
 (°) 90 90 90 67.9390(10)
V (Å3) 2377.7(4) 2939.3(8) 2048.43(16) 874.11(6)
Z 4 4 2 1 
Dc (gcm-3) 1.839 1.662 1.512 1.673 
μ (mm-1) 6.239 5.058 3.690 4.267
θ range (°) 1.9327.48 1.8327.50 1.9927.48 2.1625.00
Reflection collected 16653 20570 14199 11379
Independent reflections 5436 
(Rint = 0.0513) 
6756 
(Rint = 0.0448) 
7951 
(Rint = 0.0332) 
4009 
(Rint = 0.0260) 
Max, min transmission 0.4305, 0.3274 2253.4290, 0.1513 0.5564, 0.3942 0.6749, 0.4824
Final R indices  
(I > 2σ(I)) 
R1 = 0.0365, 
wR2 = 0.0731 
R1 = 0.0380, 
wR2 = 0.0926 
R1 = 0.0327, 
wR2 = 0.0673 
R1 = 0.0179, 
wR2 = 0.0445 
R indices  
(all data) 
R1 = 0.0507, 
wR2 = 0.0776 
R1 = 0.0430, 
wR2 = 0.0952 
R1 = 0.0356, 
wR2 = 0.0685 
R1 = 0.0179,  
wR2 = 0.0445 
Goodness of fit on F2 1.014 1.044 0.960 1.045





 36 37·2CH2Cl2 38 
Formula C34H36AuBCl2F4N4 C31H45Au2B2Cl4F8N7·2CH2Cl2 C44H52CuF6N4P 
Formula weight 855.34 1394.94 845.41 
Crystal size (mm) 0.24 × 0.19 × 0.11 0.20 × 0.18 × 0.16 0.28 × 0.26 × 0.13 
Temperature (K) 100(2) 100(2) 100(2) 
Crystal system Triclinic Orthorhombic Tetragonal 
Space group P–1 Pccn P4(3)2(1)2 
a (Å) 10.4294(4) 20.517(2) 11.7715(6) 
b (Å) 11.4264(5) 23.027(2) 11.7715(6) 
c (Å) 14.3320(6) 20.4338(19) 29.608(3) 
 (°) 89.6620(10) 90 90 
 (°) 84.8510(10) 90 90 
 (°) 79.5560(10) 90 90 
V (Å3) 1672.78(12) 9654.1(16) 4102.8(5) 
Z 2 8 4 
Dc (gcm-3) 1.698 1.919 1.369 
μ (mm-1) 4.610 6.579 0.635 
θ range (°) 1.8127.50° 1.6627.50 1.86‒27.50 
Reflection collected 21983  66801 29535 
Independent reflections 7666 
(Rint = 0.0392) 
11072  
(Rint = 0.1108) 
4729 
(Rint = 0.0562) 
Max, min transmission 0.6310, 0.4041 0.4191, 0.3529 0.9220, 0.8422 
Final R indices  
(I > 2σ(I)) 
R1 = 0.0523, 
wR2 =0.1093 
R1 = 0.0523,   
wR2 = 0.1093 
R1 = 0.0413, 
wR2 = 0.1097 
R indices  
(all data) 
R1 = 0.0308,  
wR2 = 0.0634 
R1 = 0.0878,   
wR2 = 0.1207 
R1= 0.0533, 
wR2 = 0.1197 
Goodness of fit on F2 1.046 1.029 1.089 
Peak/hole (eÅ-3) 1.365/–1.078 1.990/–1.172 0.546/–0.458 




 39 40∙CHCl3 41 
Formula C40H54CuF6N4P C38H48CuF6N4P·CHCl3 C45H51CuF6N2P2
Formula weight 799.38 888.68 859.36 
Crystal size (mm) 0.24 × 0.22 × 0.02 0.56 × 0.21 × 0.20 0.19 × 0.15 × 0.13 
Temperature (K) 100(2) 100(2) 100(2) 
Crystal system Monoclinic Monoclinic Tetragonal 
Space group Pc P2(1)/c P4(3) 
a (Å) 9.566(10) 9.2075(12) 11.8195(17) 
b (Å) 13.125(14) 24.347(3) 11.8195(17) 
c (Å) 16.287(17) 18.989(2) 30.481(9) 
 (°) 90 90 90 
 (°) 96.61(4) 98.763(3) 90 
 (°) 90 90 90 
V (Å3) 2031(4) 4207.1(9) 4258.3(15) 
Z 2 4 4 
Dc (gcm-3) 1.307 1.403 1.340 
μ (mm-1) 0.637 0.807 0.648 
θ range (°) 2.00‒27.46 1.37‒25.00 1.72‒24.99 
Reflection collected 14103 25288 23346 
Independent reflections 6199 
(Rint = 0.1133) 
7394 
(Rint = 0.0483) 
7466 
(Rint = 0.1062) 
Max, min transmission 0.5629, 0.4416 0.7456, 0.6294 0.9205, 0.8868 
Final R indices  
(I > 2σ(I)) 
R1 = 0.0750, 
wR2 = 0.1666 
R1 = 0.0780, 
wR2 = 0.2092 
R1 = 0.0975, 
wR2 = 0.1979 
R indices  
(all data) 
R1 = 0.1191, 
wR2 = 0.1983 
R1 = 0.0939, 
wR2 = 0.2214 
R1 = 0.1335, 
wR2 = 0.2113 
Goodness of fit on F2 0.988 1.085 1.129 





 42 43∙0.75CHCl3∙0.25C4H10O 
Formula C53H60CuF6N2P3 C61H64CuF6FeN2P3∙0.75CHCl3∙0.25C4H10O
Formula weight 995.48 1259.50
Crystal size (mm) 0.56 × 0.26 × 0.10 0.28 × 0.14 × 0.08
Temperature (K) 100(2) 100(2)
Crystal system Monoclinic Monoclinic
Space group P2(1)/n P2(1)/n
a (Å) 25.5858(11) 12.517(2)
b (Å) 15.3973(7) 23.360(4)
c (Å) 25.8328(12) 20.715(4)
 (°) 90 90
 (°) 94.3970(10) 91.851(6)
 (°) 90 90
V (Å3) 10146.9(8) 6054.0(19)
Z 8 4
Dc (gcm-3) 1.303 1.382 
μ (mm-1) 0.548 0.829
θ range (°) 1.08‒25.00 1.74‒27.50
Reflection collected 58256 43113
Independent reflections 17882 
(Rint = 0.0861) 
13890 
(Rint = 0.0949) 
Max, min transmission 0.9439, 0.7357 0.8621, 0.6691
Final R indices  
(I > 2σ(I)) 
R1 = 0.0618, 
wR2 = 0.1294
R1 = 0.0589, 
wR2 = 0.1111
R indices  
(all data) 
R1 = 0.0920, 
wR2 = 0.1464 
R1 = 0.1110, 
wR2 = 0.1281 
Goodness of fit on F2 1.054 0.955
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